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Preface 



The editors take pleasure in presenting this two-volume work on precision 
frequency control. The title encompasses the spectrum of frequency-determining 
and frequency-selective devices, subject to the constraint imposed by the adjec- 
tive. A simple circuit consisting of an inductance and a capacitance can function 
as a frequency-controlling element. Its precision, however, is completely insuffi- 
cient for modern electronic equipment. Different physical phenomena must be 
utilized to meet today's requirements. The discussion and explication of these 
phenomena and their applications are the main purposes of these books. 

The aims are twofold: first, to offer a concise compendium of the state of the 
art to researchers and specialists engaged in a rapidly expanding and complex 
field of technology. It will enable them to work efficiently in their fields and to 
develop devices that meet the requirements of the equipment and systems 
engineer. 

A second purpose of the books is to furnish information concerning properties 
and capabilities of frequency-control devices to users of these devices, such as 
equipment and systems designers. The volumes will also be very useful for 
technical managers who will be able to find, in a single publication, a description 
of the world of precision frequency control, written by experts, and an entree to 
the full literature of the field. 

The idea of these books originated several years ago when the editors recog- 
nized that the literature in the field of frequency control was increasing at an 
explosive rate and that it would be extremely difficult, particularly for a novice in 
this field, to attain without guidance an essential level of knowledge in a reason- 
able time. Another incentive for compiling this text is the fact that there is no 
single book available on the world market that treats all precision frequency- 
control devices and allows the reader to weigh the advantages or disadvantages 
of the various technical annmnrhes against one another 
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PREFACE 



The number of experimental observations and theoretical investigations in the 
field of precision frequency control has increased steadily over the past 60 years 
and has led, particularly during the past few years, to a deluge of original 
publications that is becoming more and more difficult to absorb in its totality, 
even for the trained specialist. In view of this, our aim is not to attempt to offer a 
textbook on the subject, but rather to provide a tutorial and coherent treatment of 
the more recent developments in the field, supported by an extensive literature 
reference list covering approximately the past fifteen years. The individual chap- 
ters are written by experts in their respective specialities. The editors feel that the 
fundamentals of this field, starting with the seminal works of the Curies, Voigt, 
Cady, Townes, Ramsey, and others, are very well represented in older textbooks 
and in many voluminous review papers and handbook articles whose titles the 
reader will find in the bibliography. 

The material of the work is presented in two volumes, "Acoustic Resonators 
and Filters" (Volume 1) and "Oscillators and Standards" (Volume 2). The 
reader will find in the introduction to the bibliography, included in both volumes, 
some suggestions on how to use the chapter bibliographies to best advantage. 
The 1 6 chapters of the text can be read independently of one another. Their topics 
have been chosen to maximize the readability of the book, with lengths governed 
jointly by the number of publications pertinent to each chapter and by the 
importance the editors attach to each topic, although obviously it is impossible to 
discuss in the text all of the more than 5000 publications referenced. The selec- 
tion of specific areas discussed is to a certain extent subjective, but we feel that 
they give a good indication of the overall progress in our field. 

The reader will find glossaries of letter symbols — whenever necessary — at the 
beginning of each chapter and, in certain instances, introducing a section. These 
characters, as well as graphic symbols used in the book, correspond as much as 
possible to those specified in the following IEEE Standards: 



IEEE 260 


1978 


Letter Symbols for Units of Measurement 


IEEE 280 


1968 


Letter Symbols for Quantities Used in Electrical Sci- 






ence and Electrical Engineering 


IEEE 315 


1975 


Graphic Symbols for Electrical and Electronics 






Diagrams 


IEEE 176 


1978 


Piezoelectricity 


IEEE 177 


1966 


Definitions and Methods of Measurement for 






Piezoelectric Vibrators 



Copies of these standards may be obtained from The Institute of Electrical and 
Electronics Engineers, 345 East 47th Street, New York, New York 10017. 

The editors wish to express their sincere thanks to the authors of the various 
chapters for their cooperation and enjoyable collaboration, the editorial and 
production staffs of Academic Press for their patience and support, Mrs. Carolyn 



PREFACE 



XV 



Clever for her typing, and the personnel of the U.S. Army Electronics Technol- 
ogy and Devices Laboratory, Fort Monmouth, for much encouragement and 
assistance. They wish to thank, in particular, Mrs. Gloria Catling for doing a 
careful and patient job of typing the final version of the bibliography. Miss Betsy 
Hatch for her computer work, and Mr. Ted Lukaszek for his steady and manifold 
help prior to and during the preparation of the text. Finally, the editors gratefully 
acknowledge stimulating discussions over many years with R. D. Mindlin (Co- 
lumbia University) and R. A. Sykes (AT&T Bell Laboratories), who, by the 
synthesis of their theoretical and experimental work and by their education of" 
students and colleagues, helped substantially to make a science out of an art in 
the field of crystal frequency control. 



E. A. Gerber 

West Long Branch, New Jersey 
A. Ballato 

Long Branch. New Jersey 
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Introduction 



The history of precision frequency control provides a good example of how 
technological maturity follows upon the prior accomplishment of scientific 
groundwork. The foundations of modern frequency control began with discovery 
of" the piezoelectric effect by the brothers Curie in 1880, which found theoretical 
treatment in Voigt's classic book (1910). Founded on these accomplishments, 
the development of devices using the piezoelectric effect started during World 
War I and has proceeded since at an accelerating rate. Quartz crystals used for 
frequency control developed from rather simple, unevacuated, pressure-mounted 
units of the 1920s and 1930s to the present highly sophisticated plated units 
operating in ultrahigh vacua with temperature-compensating or temperature- 
controlling arrangements. Influences of the environment, such as mounting 
structure, pressure, and acceleration, have been greatly reduced by using doubly 
rotated crystal plates. Similarly, great progress has been made in the develop- 
ment of frequency-control devices based on atomic or molecular processes since 
Essen built and described the first cesium-beam frequency standard in 1957. 
They have progressed from the original 8-ft giant to the currently commercially 
available equipment of modest size and weight. 

It is no accident that the flowering of our field has coincided with the advent of 
the space age. No stretch of the imagination is required to see the demands 
placed on oscillator stability by rocket and satellite environments; and in few 
applications is the need for precision so severe. Concurrently, similar require- 
ments were imposed in the fields of communication and guidance systems, both 
commercial and military. For instance, systems for frequency- and time-division 
multiplex communication, satellite-assisted positioning, as well as remote sur- 
veillance and collision avoidance, would be impossible without precision fre- 
quency-control and timing devices. 
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In the do/.en years from the launching of the first artificial satellite about the 
earth to the first manned lunar landing, the frequency-control field and its corre- 
late areas of selection, signal processing, timing, and time distribution experi- 
enced an enormous period of development and growth. The advances made 
during this time turned out, in retrospect, to be only a prelude to the develop- 
ments of the next decade. The interval following the first Apollo landing initiated 
what might justly be called the golden age of frequency control. The editors 
made no predictions as to the extent and duration of this exciting period— 
certainly it is continuing; but one may well question if we shall soon see a decade 
in which the development of both accuracy and precision will experience such 
favorable conditions as have been met within the area of frequency control. 

The attribute "precision" in the title restricts the contents of this work to those 
devices whose Q value and frequency stability far exceed that of an ordinary LC 
circuit. Consequently, the reader will not find ceramic resonators and filters 
discussed. Material on polycrystalline and similar devices is included only if it 
bears on the behavior of high-<? devices (e.g. , the theory of vibration of anisotro- 
pic bodies). On the other hand, superconductive LC devices with their high Q are 
properly included. One other remark regarding selection of material is pertinent: 
The main application of bulk-wave monocrystalline devices is to frequency 
control, whereas surface-acoustic-wave devices are being used in many other 
fields. We therefore discuss the fundamental properties of bulk-wave devices and 
their materials to a fuller extent. As far as surface-wave monocrystalline devices 
are concerned, only those aspects of material and resonator properties considered 
pertinent to precision frequency control are covered. 
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. L,, R,, C„ 


Parameters of lumped-element-equivalent electrical circuit for piezoelectric 






resonator 


C", 


,i-;.K',.c;, 


Parameters of modified resonator circuit, transformed values of C,, L p R,, 






and C 0 due to presence of C HA and C HB 


f„ 




Holder capacitances, from resonator electrodes to enclosure (ground) 


G, 


B 


C oordinates of admittance plane 


R. 


X 
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Value of substitution resistor 
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Resistance at co., 




Reactance of resonator motional arm; X\ — aX x is the transformed value 






due to C HA 
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Reactance, susceptance of all (lossless) elements in parallel with motional 






arm; B 0 = l/X a : X' (l is the transformed value of X 0 due to C 1IA 
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Reactance, susceptance of all (lossless) elements in scries with crystal 






resonator 
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Network impedances, k = 1. 2, . . . , 6 
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Reflection coefficient of impedance Z x relative to impedance 






Z 0 : 1 = (Z v . - Z|,)/(Z, + Z 0 ) 


M. 


. K, 


Frequency and resistance at antiresonance (X„ = 0) 


"•>1 


.Ri. 


Frequency and resistance at resonance with load capacitance 
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Frequency, resistance, and reactance at maximum admittance, minimum 
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0)„ 
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Frequency, resistance, and reactance at minimum admittance, maximum 
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(u v 
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Frequency and resistance at parallel resonance 






[A',(t 0p ) = -X 0 . X„ = y 0 , R„ = X 2 JRJ 
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Frequency and resistance at resonance (X r = 0) 
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Frequency and conductance at motional arm resonance 






[A-,K) = 0, G s = 1,'R„B, = 1/X 0 ] 
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Frequency and conductance at resonance of motional arm with load 






capacitance [B sl = X 0 XJ(X 0 + A" L )] 
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Frequency and reflection coefficient at minimum T 



7.1 INTRODUCTION 

The classic literature on crystal resonators attests to an intense interest in 
the subject of resonator measurements ever since the first use of these devices 
for frequency control and selection. The efforts expended to gain an 
understanding of the behavior of piezoelectric devices as circuit elements led 
also, in time, to a clear appreciation of the basic principles of measurement 
(Cady, 1964, pp. 392ff). Fundamental to all measurements, then as now, are 
the equivalent electrical circuit and its immittance diagrams. The implemen- 
tation of specific techniques is, naturally, a function of the state of technology 
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of components and instrumentation at any given time. The continuing 
evolution of new techniques is documented in the numerous articles on the 
subject cited in the bibliography to this chapter. Snapshots of the state of the 
art at various times are provided by the review papers by Horton and Boor 
(1965) and Horton et al. (1981), 

Although the conventional equivalent circuit of the piezoelectric resonator 
is composed of capacitors, coil, and resistor, they are of a magnitude (not 
encountered in conventional devices) that sets resonator measurements apart 
from measurements on nearly all other electronic components. For quartz 
crystal units, the commercially most important crystal resonator, the capaci- 
tance values involved are in the femtofarad range, with the inductance ranging 
irom many henrys at 1 MHz and below to millihenrys in the 100-MHz range. 
Consequently, the techniques and instrumentation for resonator measure- 
ments are subject to requirements not usually encountered with normal 
components. This in turn has led to the development, largely driven bv speed 
and economic considerations, of specialty instruments specifically tailored, 
and generally restricted, to the measurement of crystal resonators. An example 
is the family of crystal impedance meters. Economic considerations will 
continue to assure a role for specially instruments. However, the remarkable 
progress in measurement-system automation in general, coupled with the 
availability of new and useful circuit components, gives cause now for a 
fundamental change in philosophy. The amount and quality of labor in data 
accumulation and the computational effort in data reduction (previously of 
very major importance in the selection of a particular technique) can now be 
reduced to the point of insignificance, due to these developments, for nearly 
any resonator measurement technique considered. The selection can thus, in 
principle, be made on the basis of the intrinsic limitations of the various 
techniques; in practice it will be limited by the availability of instruments at 
any given time and, of course, by cost. 

The present chapter first considers the equivalent circuit of crystal 
resonators and then proceeds with a discussion of the more important 
measurement instruments and techniques. An effort was made, thereby, to 
emphasize the common aspects of the operating principles of most of the 
relevant instruments, to discuss the basic facts involved in their calibration, 
and to alert the reader to the generic sources of measurement errors. Although 
resonator measurements are also used for the determination of material 
constants, the instrumentation and techniques specifically oriented to this 
purpose, such as .the pulse-echo techniques (McSkimin and Bateman, 1969) 
are not included here. 

Except for the respective frequency ranges involved, the measurement of 
surface acoustic wave (SAW) resonators is no different from that of the more 
conventional bulk-acoustic-wave resonators. The generic discussions of the 
instruments and techniques, therefore, annlv emiallv to FintF, 
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resonators. Moreover, many of the techniques to be discussed use the crystal 
resonator in a transmission network. The discussions of the error sources 
intrinsic to these types of measurements apply equally to the measurement of 
crystal filters, but filter measurements per se are not included here. 



7.2 THE CRYSTAL UNIT AND ITS 
EQUIVALENT CIRCUIT 

7.2.1 The Resonator-Equivalent Electrical Circuit 

The key to the proper application of crystal resonators in electrical circuits 
is a thorough understanding of their equivalent electrical circuit. Yet, the 
conceptual difficulties in relating a crystal resonator— a disk of solid dielectric 
between electrodes, to all appearance a capacitor — to its behavior as a circuit 
element are often found to handicap the more casual user in his appreciation of 
the significance and utility of the equivalent electrical circuit. Therefore, a brief 
review of the basic facts behind it might well be in order. 

A familiar electrical analog of a mechanically vibrating system with a single 
degree of freedom is shown in Fig, 7-1. A coil, a capacitor, and a resistor 
represent a mass, a spring, and a damping element (dashpot) (Cady, 1 964, para. 
62). Charge on the capacitor corresponds to displacement of the mass, current 
to its velocity, and voltage to the driving force. The two systems are described 
by the same differential equation, and this is, in fact, the only link between 
them. In Fig. 7-2a, however, the mass on the spring is assumed to be a magnet, 
suspended inside a coil. Now the electrical analog of the mass-spring system 
assumes a very direct meaning. To an observer at the coil terminals, the mass- 
spring system behaves as though it were (it is equivalent to) an electrical 



SPRING 



MASS 



DASHPOT 



FIG. 7-1 Electrical analog of a vibrating mass. The correspondence is mass-coil, spring 
capacitor, and dashpot- resistor. 
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(o) (b) (c) 

FIG. 7-2 Vibrating magnet in the vicinity of a coil. Voltage and current at the coil terminals 
in (a) are indistinguishable from those at the terminals of the "equivalent" cricuits in (b) or (c) if the 
parameters are chosen appropriately. 

circuit. Two possible configurations present themselves immediately, as 
shown in Figs. 7-2b and c. The parameters of the "motional arm." C L' R' 
in Fig. 7-2b and V I R in Fig. 7-2c, are related by such quantities as the 
strength of the magnet, the number of turns of the driving coil, and the 
distance of the coil from the vibrating magnet, that is. by the physical param- 
eters of the magnetomechanical system; the values of mass, spring constant, 
and damping are already reflected in the values L\ C, and R', respectively. 
If these physical parameters are not known a priori, then Fig. 7-2c is the 
simplest form for a circuit that provides a full description of the electrical 
behavior of the system in Fig. 7-2a. 

A crystal resonator, too, is a mechanically vibrating system with a direct link 
to the electrical world. Here, the link is provided by the piezoelectric effect. 
Like any elastic body with finite dimensions, a crystal resonator is capable of a 
very large number of mechanical resonance vibrations. In general, only one of 
these "modes" is important, and desirable, for a particular application. For 
this one mode, the distributed mass and elastic properties of the body can, as a 
first approximation, again be represented as a lumped-mass-spring system, as 
in Fig. 7-1. If the material is piezoelectric, then acharge appears on the surface 
of the resonator when it is mechanically deformed. This charge is pro- 
portional, in magnitude and sign, to the deformation of the body. Conversely, 
the application of a charge to the body at rest causes it to deform. The 
appropriate piezoelectric constant for the type of motion involved establishes 
the numeric relationship between charge and deformation. Electrodes applied 
to certain parts of the surface of the resonator integrate the charges over the 
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FIG. 7-3 equivalent electrical circuit of a piezoelectric resonator. C 0 is the static capacitance 
of the electrodes. The L, C, K, branch is the motional arm, the electrical equivalent of the 
mechanical vibrating body of the resonator, coupled into the circuit by virtue of the piezoelectric 
effect . 

covered areas and thus provide the means to link the mechanical vibrations of 
the body to the electrical world, in much the same fashion as discussed above 
for the magnet vibrating inside a coil. The circuit corresponding to Fig. 7-2c is 
the equivalent electrical circuit for the piezoelectric resonator shown in Fig. 
7-3 (Butterworth, 1915). The L l -C i -R [ branch is known as the "motional 
arm" of the equivalent electrical circuit of the crystal resonator. Approximate 
relations for the parameters L,, C { , i?,,and C 0 in terms of the effective elastic, 
piezoelectric, and dielectric material constants of the crystal resonator, its 
geometry, and the overtone order can be found in various references [e.g., 
Cady (1964. para. 256). Hafner (1974), and Bottom (1982. p. 98)]. 

The concept of a lumped-mass- spring system, coupled piezoelectrically to 
the electrodes, is a very useful aid in interpreting many aspects of the behavior 
of crystal resonators. The resulting lumped-element-equivalent electrical 
circuit in Fig. 7-3, with frequency-independent parameters, provides an 
excellent approximation to the electrical performance of crystal resonators 
made of materials with small piezoelectric coupling coefficients and low losses, 
such as quartz. Arbitrarily large coupling coefficients and, in fact, fairly large 
losses can be handled by the same formalism used in the following to analyze 
the circuit in Fig. 7-3 if the motional-arm reactance is suitably reinterpreted. 
This is demonstrated in Appendix I. 

Numerous other forms of equivalent electrical circuits for crystal resonators 
have been developed (Mason, 1942: Meeker, 1972; Stevenson and Redwood, 
1969: Ballato, 1972, 1977). These can provide, for certain applications, a more 
suitable representation of the resonator behavior. The one shown in Fig. 7-3, 
as extended in the following section, is adequate for all aspects considered 
here. 

7.2.2 Device Properties of the Crystal Unit 

The term "crystal resonator" is used to describe the appropriately shaped 
piece of crystalline material with electrodes on or near selected parts of its 
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surface. The term "crystal unit" refers to the packaged circuit component. The 
crystal unit consists of the crystal resonator, its support structure, and its 
(generally hermetic) enclosure. It is the finished product. Specifications 
generally deal with the device at that level. Of particular interest to the user 
are, next to the properties of the enclosure, the electrical characteristics of the 
unit at its terminals. The latter are dominated by the crystal resonator but also 
affected by the mounting structure needed to support the resonator inside the 
enclosure and by stray capacitances. An examination (Hafner, 1969) of the 
effects of these elements shows that, under fairly liberal assumptions which are 
nearly always met, the equivalent electrical circuit of a crystal unit reduces to 
the circuit between the terminals 1,2, and 3 in Fig. 7-4a, where the values of L„ 
C„ /?,, and C 0 are very nearly equal to those of the like quantities in Fig. 7-3. 




(b). 

FIG. 7-4 Equivalent electrical circuit of a crystal unit, including the holder capacitances C HA 
and C H „. a series load capacitor C L , and low-impedance terminations representing the using 
circuit. |Z T , |, ]Z T2 \ < l/ (t )C HA . The circuit in (a) can be transformed into (b), where Z T , = Z T1 , 
I/ZV2 = 1/Z T 2 +;«>C HA , L\ = *L„ R\ = xR t . C\ = C,/a, Q = C 0 /x When |Z T ,| > 0 
* = <" + tHA/'Q), C„ = C 0 : when |Z T2 | = 0, x = |, Q = C„ + C I1A . 

With the transformation shown in Fig. 7-4b, it follows that the transfer 
characteristic of a crystal unit in a network with low terminating impedances is 
determined by the network in Fig. 7-5, which is termed the "modified crystal 
resonator." The latter reverts to the crystal resonator in Fig. 7-3 when X { = 0, 
X 0 = -\/coC 0 , and X l = coL i - l/coC 0 . 
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FIG. 7-5 The modified crystal resonator. A', and R, are the reactance and resistance, 
respectively, of the motional arm: X 0 is the reactance of all (lossless) elements in parallel with the 
motional arm and A', the reactance of all (lossless) elements in series with the crystal unit. 



The admittance of the modified crystal resonator in Fig. 7-5, with X L = 0, is 

given by 

] ( '- !H "^-R^Xi 'R^xr (7 " l) 
where B 0 = - 1/A 0 and 

A, = Xtico). (7-2) 

As discussed in Appendix I, the frequency dependence of X l reflects the degree 
of approximation used in analyzing the mechanical motion of the resonator. 
In all cases 

A-.K) = 0. (7-3) 
When the crystal resonator is represented by Fig. 7-3, 
A,(m) = o>L, — l/toC,, 



to, = 2tt/ s = l/y/L t Ci 
Separating the real and imaginary parts of Eq. (7-1) gives 



(7-4) 



which, for any given R t and any given frequency, describe a point in the 
admittance (G.B) plane. Squaring and adding G and B in Eq. (7-5) gives 
C, 1 + (B - B 0 ) 2 = \!(R] + A -2 ), which, when reinserted into Eq. (7-5) and 
after simple manipulations, leads to 

(G - 1/2.R,) 2 +(B- B 0 ) 2 = (1/2.R,) 2 , (7-6) 
G 2 +(B-B 0 + 1/2X,) 2 = (1/2A-,) 2 . (7-7) 
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For finite X L the corresponding equations are 



2R, {X.+X,) 2 ) ^ X 0 + X\ 



X 2 \ 2 



2R, (X 0 +X L ) 



(7-8) 



G 2 + B + 



2 t \2 



X 0 + X L 2 (X 0 + X L ) 2 X, + X 0 XJ(X 0 +~X 



AJ = J V 

2 (X 0 + X L ) 2 [X, + X 0 XJ(X 0 ■ A,,]' 



(7-9) 



In either set the resistive and reactive components of the motional arm, R l and 
X u are separated. The admittance (G, B) of the resonator at any particular 
frequency and for a particular R x is now defined as the intercept of the two 
circles given by the Eqs. (7-6) and (7-7) or, for finite X L , by (7-8) and (7-9). 
When the points of intercept for a given resonator (given R , ) are plotted three- 
dimensionally against the coordinates (C, B) and frequency /; a curve such as 
that shown in Fig. 7-6 is obtained (Ballato, 1970). 

This applies to any circuit represented by the diagram in Fig. 7-5. In quartz 
crystals, however, the motional inductance L t is very large. This, in effect, 
makes X, infinitely large at all frequencies, except for a narrow range around 
the resonance frequency oj s _ Over the range in which A", assumes sensibly 
finite values, the values of A" 0 and X L can be assumed to be constants with 
negligible error for most purposes. Over this range, which is called the 
resonance range, A^ remains as the only frequency-dependent quantity in Eqs. 
(7-6) through (7-9). In particular, the i?, = constant circles in Eqs. (7-6) and 
(7-8) are then independent of frequency. With B 0 = - \/X 0 = constant and 
X L = constant, the admittance plot of the resonator forms a perfect circle, 
which is called the admittance circle of the crystal unit. All admittance values 
within the resonance range must lie on this circle. An example is shown in Fig. 
7-7a. 

Very similar considerations apply to the impedance of the crystal resonator, 
leading to the definition of the impedance circle, an example of which is shown 
in Fig. 7-7b. The impedance of the modified resonator, as shown in Fig. 7-5, is 
given by 



Z = R+jX =j(X 0 + A-J + -,- , , 

R? + (A- 0 + X L ) 2 J R 2 t +(X 0 + X* 



R^X 2 . X 2 0 (X 0 + X l )_ 

(7-10) 
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FIG. 7-6 The admittance of the modified resonator (with A\ = 0) as a function of frequency. 
The projection of this curve onto the G-B plane is the admittance plot, the projections onto the G- 
/ plane or the B-f plane are the conductance vs. frequency or the susceptance vs. frequency plots, 
respectively. [From Ballalo (1970): © 1970 IEEE.] 



Recasting the expressions for R and X into circle equations yields 

These equations are again valid, regardless of the relative rate of change with 
frequency of the reactive elements in the circuit of Fig. 7-5. The generally 
cissoidal impedance plot described by Eqs. (7-11) becomes a perfect circle 
when the frequency dependence of X 0 and X L over the resonance range can be 
neglected, that is, when X 0 = constant and X L = constant can be assumed. 
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| 1 (Gp , Bp , ojp ) 

(a) 

FIG. 7-7 (a) The admittance circle of the modified vibrator. 



The admittance and impedance circles of the modified resonator are 
particularly convenient for defining the characteristic parameters of the 
resonator, many of which are indicated on the circles in Figs. 7-7a and b, and 
for visualizing the effects of parameter variations on the admittance- 
impedance of these devices, and hence, on their performance in a using circuit. 

7.2.3 The Characteristic Parameters of a Crystal Unit 

The characteristic frequencies of a (modified) crystal resonator are frequen- 
cies at which the impedance or admittance of the network in Fig. 7-5 assumes a 
unique value. A set of characteristic parameters consists of the characteristic 
frequency and the associated values of the resistive and reactive components of 
the immittance at that frequency. These are the parameters that are most 
significant for the application and, generally, the measurement of crystal units. 
The unique immittance points of the modified resonator, with X L = 0, are 
identified in Fig. 7-7a for the admittance and in Fig. 7-7b for the impedance. 
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!b) 



FIG. 7-7 (b) The impedance circle of the modified resonator. A', = 0 and A'„ ~ const, are 
assumed. The figures (a) and (b) identify the characteristic parameters of the resonator. [From 
Hafner(l969):© 1969 IEEE.] 

The analytic expressions for the resistance, reactance, and frequency at the 
points indicated are listed in Table 7-1 in the columns under the heading 
X L = 0. The corresponding expressions for the crystal unit with finite X l are 
listed in the column headed "With load capacitor C L ." Although the term 
"load capacitor" is used, the general expressions under this heading are 
equally applicable for positive values of X L , that is, for inductive load 
elements. The expressions for the case where a coil is used to resonate with C 0 
are found from those listed by letting X 0 -> oo . Whenever a finite X L is used, it 
is important to consider the transformation shown in Fig. 7-4b. 

All frequencies in Table 7-1 are referred to « s , the resonance frequency of the 
motional arm, defined by X^co,) = 0 (<u s = for the circuit in Fig. 

7-3). The exact solutions in Table 7-1 are valid for the network in Fig. 7-5 
regardlessof the magnitude of the circuit components. The quantity 
P = 2Ri/X 0 or p = 2R,(X 0 + X L )/X~l is the ratio of the X coordinate of the 
center of the circle in Eq. (7-11) to the radius of that circle. With X l = 0 and 
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,¥'„ = - 1/oj s C 0 , the absolute value of /) is equal to twice the inverse of the 
"figure of merit" of the crystal unit, 

M = l/ft,cuC 0 . (7-12) 

A general expression for the quality factor of the network in Fig. 7-5, valid at 
any point of its immiltance plot, is given by (Hafner, 1964) 

= (7.13) 
v 2ReY ' 

In the resonance range of a quart/ crystal unit, where X 0 = constant and 
X t = constant can be assumed, this relation reduces to the familiar expression 
for the quality factor of the quartz resonator, Q 0 = a> s L i /R l . 

The expressions in Table 7- 1 are useful for the quantitative evaluation of the 
effects of series and/or parallel reactive elements, such as are added to the 
crystal resonator in circuit applications and in measurement sequences. They 
are also used for the determination of the equivalent-electrical-circuit elements 
L,, C,, ft,, and C 0 of the (modified) crystal resonator. The values of L, and C, 
are usually determined, thereby, from the differences between characteristic 
frequencies under various conditions. When any of these conditions include 
finite values of X, , the relations shown in Fig. 7-4b have to be considered. 

In the following, the sets of characteristic parameters shown in Figs. 7-7a 
and b will be described in somewhat greater detail. It should be noted that, as 
frequency is increased from the lower to the upper end of the resonance range, 
the sequence of the characteristic frequencies encountered is m m . w s , cu r , 
(o p , cu n . To a first approximation, when M > 2, w m = &> s = co r and 
«'» = £»„ = <»„ . 



7.2.3.1 MOTIONAL-ARM RESONANCE 

The characteristic parameters at motional-arm resonance, with X L = 0, are 
C s = 1/ft ,, B s = B 0 , and co s , with oj s defined by X,(coJ = 0 per Eq. 7-2. The 
unique feature of the admittance plot at motional resonance is that the 
conductance is at its maximum value. There is no unique feature of the 
impedance plot at <.')„. The motional-arm resonance frequency is the one 
characteristic frequency that is intrinsic to the resonator; it is unaffected by the 
addition of series or parallel elements to the crystal unit. All other characteris- 
tic frequencies in Table 7-1 are referred to it. The frequency at maximum 
conductance of the modified resonator, with finite X L , will be called, by 
analogy, the "motional-arm resonance with load capacitor" and designated by 
a\i . The corresponding characteristic conductance is G s , , the susceptance 
B L . The expressions for both are listed in Table 7-1 . 
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7.2.3.2 RESONANCE AND ANTIRESONANCE 

Resonance and antiresonance are the two points where the immittance 
circles of the resonator cross the real axis. The unique features, therefore, are 
purely resistive immitlances. Resonance is the low-impedance zero crossing of 
the reactance of a resonator with X L = 0, antiresonance is the high-impedance 
zero crossing. The designations for the corresponding frequency and re- 
sistance are m, and R r for resonance and a> a and R a for antiresonance. The low- 
impedance zero crossing of the reactance of the modified resonator, with 
\X L \ > 0, is called "resonance with load capacitor." It occurs at frequency <w, , 
with resistance ft, . The high-impedance zero crossing of the resonator 
reactance with \X L \ > 0 is of little practical significance. The analytic- 
expressions for w r , ft r . Wa , R a , co L , and ft, arc listed in Table 7-1. When 
K, -> 0, then w r -> co s , R, -> ft,, w a -* o> p , and ft a -> R p -> x . 

Resonance and antiresonance can occur only when the immittance circle 
crosses the real axis, that is, for resonators with p < 1, M > 2. When M < 2, 
as is often encountered at frequencies above 100 MHz, a coil is usually placed 
in parallel with the crystal terminals to reduce the value of B 0 . Ideally, the coil 
inductance is dimensioned to resonate with C 0 at the operating frequency. The 
relevant relations are then found from Table 7-1 with X 0 -» oc . 

The antiresonance of a crystal resonator must not be confused with the so- 
called "antiresonance operation" of a crystal unit in a "parallel-resonance" 
oscillator (I EC, 1962). No practical oscillator operates the crystal unit in its 
high-impedance range, as had long been recognized (Heising. 1946; Awendcr 
and Sann, 1954). Rather, "antiresonance operation" refers to the use of a 
crystal unit with a series load capacitor, operated in the low-impedance range, 
that is, at co, , ft L . Proper terms for this type operation are "operation with 
load capacitor" and "resonance with load capacitor:" also acceptable is 
"positive reactance operation" of the crystal unit. The relations in Table 7-1 
show that the frequency at resonance with series load capacitor C L is equal, 
but only to a first approximation, to the antiresonance frequency of the 
resonator with the load capacitor placed in parallel with C 0 , that is, with 
C 0 = C 0 + C, . Of course, the corresponding resistance values are, for 
reasonable values of M, vastly different. 



7.2.3.3 PARALLEL RESONANCE 

At parallel resonance, the resistive component of the resonator impedance is 
at its maximum, with value ft p = X%/R l equal to the diameter of the 
impedance circle. The admittance shows no unique feature at the parallel- 
resonance frequency w p . 
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7.2.3.4 MAXIMUM AND MINIMUM ADMITTANCE 

The characteristic parameters at maximum admittance (minimum imped- 
ance) are designated by subscript m, those at minimum admittance (maximum 
impedance) by subscript n. The corresponding points on the immittance 
circles in Fiu 7-7 [and the analytic expressions listed in Table I ot Hatnei 
(1969)1 are derived geometrically by the "through-the-center method," which 
is valid only if the immittance plots are perfect circles. When this is not true, 
such as in resonators made of materials with very strong piezoelectric coupling 
and/or large losses, more elaborate relations must be used (Martin, 1954). 
Maximum and minimum admittance measurements have been used (IEEE 
1966) for the determination of the cquivalent-electrical-circuit parameters ot 
crystal resonators. 

7.2.3.5 MINIMUM REFLECTION COEFFICIENT 

The reflection coefficient F = (Z - Z 0 )/{Z + Z 0 )is a useful quantity when 
the crystal resonator is at the end of a transmission line with characteristic 
impedance Z 0 (Stone and Baltzer, 1982). As is most easily visualized with 
Smith chart in hand, the reflection coefficient observed at the input ot a 
(uniform and lossless) transmission line, terminated with an tmpedance Z, is 
independent of the length of the line. Since the impedance of a crystal 
resonator is a function of frequency, it follows that the reflection coefficient 
observed at a given frequency is independent of the length of the line. A unique 
value of the reflection coefficient in the resonance range of a crystal resonator 
is its minimum, which therefore qualifies as a characteristic parameter 1 It 
occurs at a frequency designated as w y (Horton and Smythe, I983a,b) The 
values R. and ok. follow from Eqs. (34) and (35) of Hafner (1969) and are listed 
in Table 7-1. 



7.3 CRYSTAL-RESONATOR MEASUREMENTS 
7.3.1 General 

The performance of crystal resonators as circuit elements is described by the 
equivalent electrical circuit. The purpose of the electrical measurements on 
crystal resonators is to evaluate the parameters of the equivalent circuit. 
Because the motional-arm parameters L„ C„ and R and, hence the 
characteristic frequencies, are functions of temperature, drive level static 
acceleration, aging, etc. (Gagnepain. 1981: Nakazawa et al 1981), he 
conditions of measurement must be specified, and for most applications, the 
functional dependence on some or all of these variables must be determined. 
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For the latter purpose, it is usually adequate to measure the dependence of 
only one set of characteristic parameters, for example, resonance frequency 
and resistance, on the selected variable. The characteristic frequency chosen, 
nevertheless, should be close to the operating frequency of the device in its 
intended application, because the functional dependence is different for some 
variables, depending on which point on the immittance plot is observed. Thus, 
the frequency-temperature dependence of a quartz crystal resonator is slightly 
different for different values of the load capacitor (Ballato, 1978). 

If the functional dependence of frequency on a particular variable, say, drive 
level, is measured at different points on the immittance circle, then the 
dependence of L, and C, on this variable can be determined separately, 
provided, of course, that the differences are large enough to be resolved with 
the available instrumentation. So it has been determined, for example 
(McKeown, 1958), that in VHF quartz crystal units the frequency change due 
to drive-level variations is due to changes in C„ that is, to changes in the 
effective elastic constants. The ability to separate the changes in L, and C, can 
serve as a valuable diagnostic tool. In aging, for example, it would reveal the 
relative contributions of mass changes (changes in L,) and stress relaxations 
(changes in C,) to the overall effect. Sufficiently accurate measuring instru- 
ments for this latter purpose have, however, not been available in the past. 

Nearly all crystal resonators have to be measured for frequency- 
temperature and for drive-level dependence. The former requires the crystal 
units to be measured remote from the instrument, in a temperature chamber or 
oven. The latter requires the instrument to be capable of measuring the crystal 
unit at normal and at extremely low drive levels. At drive levels in the 
nanowatt range and below, quartz crystal resonators are particularily 
susceptible to a variety of defects in the manufacturing process (Knowles, 
1975: Bryan, 1975). These defects can manifest themselves in a resonance 
resistance value greatly in excess of the value found at normal drive levels 
(Bernstein, 1967), and can thus cause oscillators to fail to start oscillating on 
turn-on. In many cases, this problem is aggravated at low temperatures. 

Nearly all crystal units must also be evaluated for their spurious-mode 
content . Strong spurious modes in oscillator crystals can compete successfully 
with the desired mode during start-up, resulting in oscillations at the wrong 
frequency ;e ven weak modes in filter crystals cause unacceptable distortions in 
the filter response. The evaluation of the spurious modes requires instruments 
capable of sweeping the frequency range of interest and measuring, as a 
minimum, the resonance frequency and resistance of the unwanted mode. 

The instrumentation for measuring crystal units must, therefore, be capable 
of (1) a sweep mode to display the main and spurious-mode spectrum with 
high resolution and of (2) measuring the frequencies and resistances at 
accurately defined points on the immittance plot of the resonator. The 
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measurements in (2) must be carried out at operating drive levels and at drive 
levels near the noise level, on the main mode and on spurious modes, and with 
the crystal unit at the test port of the instrument as well as in a remote position, 
such as in an environmental test chamber. 

The major difficulty in measuring the characteristic frequencies of a crystal 
resonator is not. of course, the frequency measurement itself, even if attaining 
the high resolution frequently required in a short time is not always a trivial 
matter (Howe, 1981). The problem lies in knowing the precise impedance 
admittance exhibited at the frequency measured. This requirement can be 
expressed, near resonance, in terms of phase angles. For a crystal unit with C 0 
cancellation. 

if 

Q = K = 7~ iV" |lan ^' ~ tan< W- 

■><t>\ -'tpo 

With <l> 0 = 0 it follows that 

AL, _ AR t Mj^jfJ = __ 2 (7 _ 14) 

T, R, <X : -J'J sin 2o. 

Because the phase reading </>, is the difference between two individual phase 
settings cj> = </>, and <j> = 0 = </>„, the phase error A0 contains the errors in 
both, that is, A</> = (A<£ 2 + A0 2 ,)" 2 for random errors. If L„ for example, 
should be determined with an accuracy of 1%, a marginal requirement for 
some applications, then one finds, under the most favorable conditions, that 
the instrumentation must be capable of identifying each phase setting with an 
accuracy of 0.2° at the operating frequency of the crystal unit. The relation for 
Q then shows, now with/ 0i -./^ = A/ and 0, = A0 O , that an uncertainty of 
0.2° in the knowledge of the 4> = 0 condition causes an uncertainty in the value 
of the resonance frequency of Af/f= 3.5 x 10" 8 for a crystal unit with 
Q = 50,000. Hence, the measurement of the resonance frequency, or any other 
characteristic frequency, with an accuracy of this order requires that the 
systematic phase errors be much smaller than the 0.2° in the present example. 
Reduction of the systematic errors to this level is a nontrivial problem. 

Another difficulty in measuring crystal resonators also derives from their 
high quality factor. For a resonator with a Q value of 50,000, the half-power 
points of the resonance curve differ in frequency by only 20 ppm. On this scale 
nearly all of the operational and environmental parameters mentioned above 
have a large effect, even if their influence may be considered small in absolute 
terms. Special precautions are therefore always required to provide a 
controlled environment for the device being evaluated, whether electrically 
(e.g., drive level), thermally, or mechanically. 

In the following two sections the major instruments and techniques for 
measuring crystal units will be discussed. In the instrument section the 
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emphasis is on a description of the basic operating principles and their 
limitations. The methods sect ion describes the principles of extracting the 
required data from the basic measurement results under the assumption 
(except in the case of a> y ) that the crystal unit is directly at the measurement 
plane of the instrument. A discussion of the corrections required to account for 
a finite length of transmission line between the reference plane and measure- 
ment plane can be found in the relevant sections of Hafner (1969). 

The instrument and measurement principles apply equally to any type 
of piezoelectric resonator, be it of the bulk-wave or SAW variety. The 
measurement of two-port devices, such as crystal filters, are not treated 
explicitly; however, all instruments capable of measuring the amplitude and 
phase of the signal transmitted through the test network are suitable for such 
measurements. All of the error sources to be discussed, with proper allowance 
for the differences in the network under test, apply equally to the filter 
measurements. 

7.3.2 Resonator Measurement Instruments 

7.3.2.1 CRYSTAL IMPEDANCE METERS 

In principle, any oscillator circuit operating the crystal unit at series 
resonance could be used as the basis for the design of a test oscillator. Practical 
considerations limit the choice. The basic circuit of the test oscillator most 
widely used for several decades, the crystal impedance meter, or CI meter 
(Prichard and Bernstein, 1954), is shown in Fig. 7-8. The measurement follows 
the substitution principle: it can be made with or without a series load 
capacitor. 

Several factors degrade the accuracy of the measurement. 

(1) Real resistors are not perfect, zero-phase elements. 

(2) Substitution resistors are available only in discrete steps, leaving, in 
general, a resistance error AR = [R sub — R r ). 

(3) Achieving a perfect frequency match is extremely time-consuming. In 
general, a frequency error Af = (J sub - f r ) remains. 




FIG. 7-8 Basic Cl-meter circuit. The feedback element Z v is either the crystal unit under test 
or a substitution resistor. Signal level and frequency of oscillation are the substitution process 
criteria. 
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The use of substitution elements with finite phase angles [error (1)] causes 
the measurement to be performed not at resonance, that is, zero phase, but at 
the phase angle of the substitution resistor. The frequency error caused by a 
parasitic inductance L R of the resistor is Af/f = \LJL X . As an example, in 
uncompensated composition or film resistors, L R can be around 16 nH, 
causing, with an L, = 8x 1(T 3 H, a Af/f = 1 x l(T b . This error can be 
reduced by the use of compensated resistors, that is, resistors with capacitors of 
value C = L R /R 2 placed in parallel with them (I EC, 1973). Yet, an L R < 1 nH 
is possible in leadless microcircuit-chip resistors, causing, with the same L u a 
Af/f < 6 x 1CT 8 . Thus, if the physical construction of the interface between 
the instrument and the crystal unit permits clamping such microcircuit-chip 
resistors into the CI meter terminals (not possible with most currently 
available instruments), then the use of compensated resistors may not be 
necessary for most practical purposes. On the other extreme, substitution 
resistors built into some CI meters, to be connected to the test terminals 
through switches, are bound to cause fairly large errors. The use of these 
resistors as substitution elements should be avoided. In the following it will be 
assumed that the substitution resistors are compensated for zero phase angle 
or are physically small enough for their reactive component to be neglected. 

The AR error in (2) above causes the crystal to exhibit a reactance 
AX = AR tan <5, where 6 is the loop phase error in the oscillator, which is due 
to deviations from 1 80° in the phase of the active device and to deviations from 
90° in the phase of the terminating capacitors in Fig. 7-8 caused by the 
conductances G A and G B . When AR is large, drive-level differences cause 
further phase errors due to the nonlinearities in the active device and due to the 
drive-level dependence of the crystal frequency. The Af error in (3) above 
translates into an error in the determination of the resonance frequency of the 
crystal unit given by (/; - f) = (1/S) Af. where S is the stabilization factor of 
the oscillator. Reduction of this error, in the configuration of Fig. 7-8, requires 
increased labor in the measuring process. 

In the majority of Cl-meter measurements carried out in the field, a very 




FIG. 7-9 Alternate Cl-meter configuration. The amplifier is broadband, the phase shifter is a 
narrow-band tunable filter : the isolation amplifiers are matched to the low-impedance, resistive n 
network. The substitution process is the same as with the configuration in Fig. 7-8. 
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much-abbreviated substitution process is employed as a matter of expediency. 
The results obtained are correspondingly less than the optimum attainable 
with these instruments. 

Several of the problems intrinsic to the CI meter in Fig. 7-8 can be addressed 
successfully, at least in principle, in the configuration show in Fig. 7-9. Here 
the basic operations on the signal in an oscillator are separated out and 
assigned to discrete circuits, that is, amplifier -limiter, phase shifter, and 
feedback network. Low impedances at the crystal port reduce the errors due to 
C HA and C HB . The loop-phase error S will be small if 

(1) the n network is purely resistive and has nearly constant input and 
output impedances regardless of the value of the (resistive) unknown Z v , 

(2) the isolation amplifiers have purely resistive output-input impedances, 
closely matched to the input output of the n network, and 

(3) the isolation amplifiers have very high reverse attenuation. 

A 7: network approximating the stated requirements was described by 
Franx (1969) (IEC, 1973). The use of a vector-ratio meter, as in Fig. 7-10, will 
reduce the error in (3) above in a significantly shortened measurement time. Its 
primary function is to serve as a phase indicator, which permits substituting 
phase for frequency as the observed parameter during the tuning operation. 
The phase-shifter tuning can be implemented automatically (Frerking, 1969), 
as indicated by the dashed lines in Fig. 7-10. 

Measurements with the crystal unit remote from the instrument are not 
practical with the Cl-meter configuration in Fig. 7-8. With the CI meters in 
either Fig. 7-9 or Fig. 7-10, the n network, with crystal unit, can be connected 
to the rest of the instrument by well-shielded coaxial cables with their 
characteristic impedance matched to the isolation amplifiers and the n 
network. 



r _-L__ 
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FIG. 7-10 Extension of'the CI meter in Fig. 7-9. Frequency as a substitution criterion is now 
replaced by phase, set to zero with the substitution resistor in circuit. The proper value of 
substitution resistor to be used for accurate crystal measurements can be calculated from ratio- 
meter amplitude readings. The phase output of the ratio meter can be used for automatic 
frequency adjustments. (From Frerking, 1969.) 
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Cl-mcter-type instruments are basically well suited for testing crystal units 
at low drive levels. In the configuration of Fig. 7-10, however, the phase meter 
remains useful only for as long as its test channel has adequate sensitivity. 

7.3.2.2 THE ZERO-PHASE n NETWORK 

The use of a n network for the measurement of crystal-resonator para- 
meters, as described by Gerber and Koerner (1958), was based on the 
measurement of the frequencies of maximum and minimum transmission,/^ 
and /,;, through the network with crystal unit inserted. It formed the basis for 
the Institute of Electrical and Electronics Engineers' (IEEE) standard on 
crystal measurements (IEEE. 1966). The addition of a phase meter to the 
transmission test set ( Adams et til., 1 968 : Grenier. 1 968) created the capability 
to perform measurements at the "zero-phase" condition of the resonator, 
that is. at resonance, and also to generate a control signal to automatically 
tune the signal generator to the zero-phase condition. A number of configura- 
tions for the transmission network were explored (Horton et al, 1981), which 
emphasized the importance of the detailed electrical and mechanical design of 
these devices for the validity of the results obtained. The need to incorporate 
attenuators into the n network and to use a power splitter to create separate 
channels for the reference and test signals was recognized by Franx ( 1 969). The 
resulting configuration is shown in Fig. 7-11: the schematic for the n network 
itself is shown in Fig. 7-12. This implementation of the zero-phase 7t-network 
system is now recommended by the International Electrotechnical Com- 
mission (IEC) for the measurement of resonance resistance and frequency of 
crystal resonators with and without load capacitors (IEC, 1973). 

Resonator measurements with the setup in Fig. 7- 1 1 are again based on the 
substitution principle, with the phase meter used as an indicator for the correct 
frequency setting of the signal generator. The similarity between Figs. 7-10 
and 7-11 is obvious only the signal sources are different, and no isolation 




NETWORK 



FIG. 7-1 1 The zero-phase n-network system. This system differs, in principle, from the CI 
meter in Fig. 7-10 only by the manner of test-signal generation: it differs from a manual network 
analyzer in that here the phase meter is used only as an indicator of the zero-phase condition. 
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Z a - Z 4 - I4.2il 



FIG. 7-12 Schematic of the IEC-1 77 n network (IEC, 1973). The attenuators Z r Z 3 and Z 4 
Z 6 , with values as shown, assure low reflection coefficients at input and output for all values of Z x . 
Physical implementation with all impedances purely resistive is required for optimum results. 
Holder and stray capacitances Z HA and Z HB cause unavoidable residual errors. 



amplifiers are used in Fig. 7-11. Moreover, it will become apparent in Section 
7.3.3.4 that the setup in Fig. 7-1 1 has all the elements of a manually operated 
network analyzer. The zero-phase 7r-network technique just does not need the 
phase meter to be calibrated. Many of the system errors, exclusive of those 
associated with the vector-ratio meter itself, apply equally to network 
analyzers. 

The error source to be considered first is Ai?, the difference between 7?, ub , the 
value of the substitution resistor, and R r , the resistance of the crystal unit. A 
minimum number of substitution-resistor values is desirable in the interest of 
measurement speed. In many practical applications only one substitution 
element, a short circuit, is used. 

The block diagram in Fig. 7-1 1 with Fig. 7-12 shows that a change in the 
value of Z x will cause a level change in the output signal from the n network 
as well as a change in the reflection coefficient at the network input. The phase 
accuracy of most vector-ratio meters is highest for equal signal levels at the 
reference and test ports and decreases with increasing difference in the two 
levels. A change in the relative levels usually causes an apparent change in 
phase. The magnitude of this error depends on the instrument used. A finite 
reflection coefficient at the input of the n network causes a part of the test- 
channel signal to be reflected across the power splitter into the reference 
channel. Even if this reflected signal is, for example, 55 dB below the desired 
signal in the reference channel, it can, depending on the phase relationship, 
cause a shift of 0.1° in the reference phase. The attenuation across the power 
splitter is usually on the order of 30 to 40 dB; hence, the reflection coefficient 
at the 7t-network input has to be less than 0.06 (VSWR < 1. 1 3), with any value 
resistor in the unknown terminal, for this error to be less than 0.1°. The n 
network in Fig. 7-12 has a reflection coefficient of T = 0.22 with Z x = 0. 
T = 0.05 with Z x = 40 Q, and Y = 0.01 with Z v = 100 Q, provided all 
elements are truly resistive, with the values as shown. A phase error of 0.4° 
can therefore result due to this effect alone if the measurement of a crystal 
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resonator with an R r = 40 £2 is referred to the initial adjustment of the phase 
meter with a short circuit. The maximum possible phase error due to this 
cause will be smaller if the zero adjustment of the phase meter is performed 
with a microcircuit-chip resistor in the 50-ohm range, instead of with a 
short-circuit element. Much larger errors are likely with measuring networks 
that do not have built-in attenuators to reduce the VSWR in the test channel. 

Analysis of the diagram in Fig. 7- 12 shows further (see Appendix II) that the 
ratio of input to output voltage for the network can be represented by 

Kn/Knu = A + BZ X , (7-15) 

where A and B are functions of all the impedances in the n network and of the 
terminating impedance. Unless all these impedances are purely resistive, A 
and B will be complex quantities. Plotting the vector A + BZ X in the complex 
plane shows immediately that the phase angle of the quantity B introduces an 
error proportional to AR. Thus, for the zero-phase Tt-network technique to be 
applicable with only one, or at most a few, substitution resistors, all 
impedances in Fig. 7-12 should be purely resistive. This requirement, coupled 
with the need for neglible crosstalk between the input and output section of the 
7i network, places very stringent constraints on the physical construction of the 
device. 

The physical implementation of not only the measuring network but of all of 
the various system components is important for the final accuracy of the 
results. Consideration of the system block diagram makes it clear that the 
zero-phase 7r-network measurement or, more generally, any network-analyzer 
measurement depends on all elements in the entire setup, including power 
splitter, cables and connectors, and, of course, the vector-ratio meter. Thus, the 
connectors should be of the precision type, with VSWRs of less than 1.04, to 
avoid adding to the reflection-coefficient problem just mentioned: the cables 
should be well shielded to reduce the problems of leakage and stray pickup; 
and the length of the cables should be chosen to provide for equal electrical 
length in the test and reference channels to make the phase balance 
independent of frequency. 

Of special concern here, as well as in other instruments for crystal-resonator 
measurements, are the details of the interface to the unknown element. A 
major difficulty is the requirement to accommodate the load capacitors. 
Approaches to the physical construction of the load-capacitor jig have been 
described by Hughes et al. (1978) and by Horton et al. (1981). The problem is in 
finding the optimum compromise between the physical size of available load 
capacitors and the requirements that 

( 1 ) the base of the crystal enclosure be 2 mm from the measuring plane of 
the instrument. 
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(2) the crystal unit be, electrically, in the same relative position to the 
measuring plane with and without the load capacitor, 

(3) the stray capacitance from the crystal load-capacitor junction to 
ground be minimal, and 

(4) there be no increase in crosstalk between the input and output sections 
of the network when the load capacitor is inserted. 

The zero-phase n network is well suited for the display of spurious modes : 
their measurement is possible when M > 2. Since the n network is connected 
through cables to the rest of the system, the technique is also suited for the 
measurement of crystal units in environmental chambers. The measurement at 
low drive levels is limited by the sensitivity of the vector-ratio meter, which, for 
currently available instruments, ranges from -86 to less than -120dB, as 
discussed further in Section 7.3.3.4. The insertion loss of the n network in Fig 
7-12 is 26dBfor Z x = 0 and 37dBfor R T = 40 £1 



7.3.2.3 BRIDGE-TYPE INSTRUMENTS 

By definition (IEEE, 1977), the term "bridge" applies to networks with 
branches that can be adjusted to obtain zero output. It is, nevertheless, applied 
also to networks with fixed branches that are operated in the transmission 
mode. For the presesnt purposes, the two uses shall be differentiated by the 
terms "transmission bridge" and "balanced bridge." One specific example of 
each will be discussed in the following. 

7.3.2.3.A. Transmission Bridges. A transmission bridge such as that shown 
in Fig. 7- 1 3 (Ichino et al., 1 980) can take the place of the n network in Fig. 7- 1 1 . 
The relation for the vector ratio of output voltage over input voltage, 

follows from a straightforward analysis of the network. The values of the three 
constants Z 2 , A, and Bean be determined by using open, short, and Z 0 = 50 Q. 
terminations at the measuring port. These constants are functions of the 
network impedances Z, = Z 3 , Z 2 , and Z T , as shown in Appendix III. 
Alternatively, (7-16) can be recast to express the voltage ratio in terms of 
the reflection coefficient of Z m referred to the test termination Z 0 
T = (Z m - Z 0 )/(Z m + Z 0 ), as 

y = KuJK n = a + Br/(\ - cr>, (7-17) 

where A, B, and C are again functions of the network impedances Z, = Z 3 , 
Z 2 , and Z T . In either case the measured quantity is y. When Z x is at the end of a 
transmission line, the relationship between Z x and Z m follows from standard 
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FIG. 7-13 Schematic of a transmission bridge network [after lchino et at., (1980); © 1980 
Hewlett Packard Company: adapted with permission]. The value of Z M is determined from 
the magnitude and phase of the vector ratio V a JV ir , and the values of the bridge impedances Z„, 
k = 1,2, 3, T. V a JV ir is equal to one-half the reflection coefficient of Z m with respect to Z, if 
Z, - Z 3 and Z T -» x . 

transmission-line theory, with the necessary constants determined by using 
open, short, and Z 0 terminations again, now at the far end of the transmission 
line. Equations (7-16) and (7-17) are exact subject to the conditions that the 
transferrer in Fig. 7-13 is ideal (i.e., has unity coupling, infinite inductance, 
and no stray elements), that Z, = Z 3 , and that there are no strays between the 
elements of the bridge network. 

Under these conditions the accuracy of the system depends on the accuracy 
of the vector-ratio meter, the extent to which reflections from the network 
input, cables, and connectors reach the reference channel, and the extent to 
which crosstalk between the input and output lines of the test network are 
excluded. The reflection coefficient of the network input ranges (with 
Z k = 50 Q, k = 1, 2, 3, T) from zero to 0.43. 

Even when the system imperfections are large, use of the three standard 
terminations, open, short, and 50 f>, will always yield values for the three 
constants in either of the Eqs. (7-16) or (7-17), forcing the measurement results 
to be accurate at these three points on the impedance plane for the drive level 
and at the frequency used in the calibration. The three constants, however, are 
not necessarily valid for any other point on the impedance plane (i.e., for any 
other value of Z m ). In the general case, the system accuracy at other points can 
be determined only by the use of independently calibrated transfer standards. 
Nevertheless, a measure of the system imperfections lies in the behavior of the 
three constants as a function of frequency and/or drive level. It should reflect 
the frequency dependence of only the network impedances Z K , K = 1, 2, 3, T, 
in Fig. 7- 1 3 according to the relations in Appendix III, and ideally there should 
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be no dependence on signal level. Deviations therefrom are caused by error 
sources that may reside anywhere in the enttre setup y 

resr a ™ e U fre d ou 0 enc SUbSl i; Uti0n meaSUrements ™* as the measurement of 
resonance frequency and resistance of a crystal resonator, with the phase 
oblatned with the Z 0 = 50 fl termination as a reference [F = Oin Ec (7 71 
itZZZ T ] 10 iR \ ~ f °' 6 Wl11 be -countered" wit I 

angles of B and C are not restneted to the elements of the bridge network but 
include all parts of the system. Yet, only the former are included n tapping 

aTr = 0 and " f" ^ the ,hree Calibratlon ^ 

The magnitude of any one of the errors discussed above is obviously a direct 
e^Uire°iTip details of implementation of every one of the components of the 
entire measurement system. However, everything else bein* en7,»i „ 
7 nTZl ^5— ^ge in Fig. In ^vefthe SwS ™ 
ooten Ii V l ' erminal ° f the Unk " 0Wn im P eda ™ e » ^ ground 

z!= 50Q mP rang£ ° f maximUm ™ si ^y i» around 

vYrfab^elemenN"' ^ A ba,anced ^ COntains continuously 
vanab e elements, usually reactive elements, that are used to chanee the 

current distribution within the circuit. At balance, the curren , t 

output branch is zero. An example is the Schering bridge how in F g § 7 4 

containing varactors as the variable capacitors), which permits electronic 

tuning Hafner and Riley, 1 976). The basic block diagram of a blncedS idge 

measuring setup ls shown in Fig. 7-, 5. Here the sole function of the receiv rl 
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FIG. 7-15 Basic balanced-bridge measurement system. 



to detect an absence of signal in the output from the bridge. The length and 
properties (aside from shielding) of the cables connecting the bridge to the 
generator and receiver are unimportant. Provided there are no leakage signals 
bypassing the bridge and entering the receiver input, all sources of measure- 
ment errors are within the bridge itself. 
The basic equation for bridge balance is 

>■ + Y 4 = (ZJZ 3 )Y 2 . (7-18) 



It is valid when the output transformer is ideal, that is, when it has unity 
coupling and no stray elements (especially no strays that change with tuning) 
and there is no crosstalk between the various bridge arms. Microcircuit 
construction techniques permit these conditions to be approximated rather 
closely. Since the balanced bridge has no means for measuring phase, Eq. 
(7-18) is used only with all impedances represented in terms of their actual 
elements, for example, Z, = K, - ./(1/eoC,). Separation of real and imaginary 
components then yields two equations. When the bridge impedances are as 
shown in Fig. 7-14, the resulting equations for G x and C x are indicated in the 
legend to the fmurc. where the second subscripts zero and one refer to initial 
balance with Y, = 0 and final balance with Y, = G x + jwC,, respectively. 

The power of the balance condition (7-18) is such as to reduce the 
calibration of the balanced-bridge network to the measurement of frequencies 
and dc voltages and the calibration of the dc value of a single resistor. This can 
be demonstrated as follows. Assume that Y x = 1/(R X + jwL x \ that is, that 
Gx = rjrI + W 2 L X ), and C, = -LJ(R 2 X + co 2 L 2 x ). Also assume at first that 
the relationships between the varactor capacitances C , and C 4 and the 
respective dc control voltages V\ and V 4 are known. Using the relations in the 
legend to Fig. 7- 1 4, the values of C 2 /R 3 , R, , G 4 , and L x can be determined from 
initial balance and final balance at a single frequency oj 1 if only the value of R x 
is known a priori. Balance at an additional frequency is already redundant. 
However, if the relationship between C, and V, is nonlinear and contains four 
constants, with C 4 vs. F 4 likewise, balance at four additional frequencies can be 
used to determine the values for these eight constants, four each from the real 
and imaginary parts of Eq. (7-18). Thus, balance at five frequencies with 
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Y x = YJuj) together with the initial balance Y x = 0 permits the determination 
of all bridge elements in terms of the resistance value R 

Similar considerations apply if the residual reactive elements in the bridge 
arms are taken into consideration, with each additional frequency providing 
two equations for two more parameters to be determined. Actual results 
obtained on a microcircuit bridge for the 1-220-MHz range show 
(Malinowski and Hafner, 1978) that the most prominent residual elements are 
inductances in series with C 2 and C 4 of about 0.5 nH each. The largest cross- 
term element is an inductance of about 0.05 nH in series with R 3 . 

The resolution of balanced-bridge measurements is determined by P D 
the minimum detectable signal power at the receiver input, the bridge 
attenuation a, and the power applied to the bridge, P <]g , according to the 
relation 

1 (P V' 2 

|AyL n = a (-^J , (7 -,9) 

where |A y| min is the bridge unbalance that produces an output signal power of 
F D mln - The bridge attenuation a is on the order of 0.05 for the microcircuit 
bridge and ranges from 0.01 to 0. 1 for most rf bridges. Equation (7- 1 9) can be 
translated into phase angle resolution, to facilitate comparison with other 
measurement techniques, by assuming that AV min represents the minimum 
detectable susceptance of a nominally pure conductance of value l/R x , for 
example, a crystal resonator at resonance. Then, 




(7-20) 



With strictly manual operation of the setup in Fig. 7-15 using a broadband 
detector, P Dm JP sig is usually limited to about 40 dB due to the harmonic 
content of the generator. When the generator signal is suitably frequency- or 
phase-modulated, synchronous detection can be employed to attain P D /F si 
values greater than 100 dB (Linzer and Stockelsberry, 1973). However, a series 
of precautions has to be taken in this case. These have to do with the response 
of a high-Q circuit to a frequency-modulated signal (Barnes, 1970; Hewlett- 
Packard, 1976), the harmonics of the modulating signal, and the asymmetry of 
the bridge output for frequencies around the balance point (Hahn, 1970), all 
matters that have been studied extensively in connection with the high-Q 
atomic resonators used for frequency standards (see Chapter 10). 

However, heterodyne receivers are usually used as the detectors for 
balanced-bridge measurements. Special care is thereby required to exclude the 
test signal from the local-oscillator channel and vice versa. An automated 
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FIG 7-16 Automatic balanced-bridge measurement system. Useof phase-locked offset local 
oscillator permits high-sensitivity synchronous detection of bridge output. The outputs of two 
orthogonal synchronous detectors are used for operating the resistive and reactive balance 
controls of the bridge. At balance, the input to the test-channel IF amplifier is zero. The phase of 
the reference IF is needed only to provide polarity information to the balancing servos. 



system for measurements with the electronically tunable microcircuit bridge is 
shown in Fig. 7-16. It again has some similarity with a network analyzer: 
however there are very significant differences in its operation. In a network 
analyzer 'the phase of the reference IF signal carries the all-important reference 
information for the accuracy of the phase measurement, and the test and 
reference signal amplitudes must be measured accurately. In the balanced- 
bridge measurement system no calibrated amplitude measurement is needed. 
The reference-signal phase is needed only for setting the proper polarity of the 
bridge-balancing servocontrol signals. Even if the reference-signal phase is 
+ 45° off its most desirable value, the only penalty is a somewhat reduced 
sensitivity of the servos. In the actual implementation of the system in Fig. 
7-16 the extensive use of isolation amplifiers, with high reverse isolation, 
assures freedom from crosstalk between the signal and LO channels to the 
point where a usable (open-loop) P Dmi „ of less than -150dBm is attained 
(Hafner and Riley, 1976). Other schemes are, of course, possible. 

Bridge networks are very well suited for the observation and measurement 
of spurious modes in crystal resonators, and they can readily be used for the 
measurement of resonators in environmental chambers. The balanced bridge 
should be located in the chamber for this latter purpose, while the transmission 
bridge with its wider range for the unknown impedances, can accommodate 
the resonator at the end of a transmission line of generally limited but 
essentially random length. Resonator measurements at very low drive levels 
are limited in either bridge by the sensitivity of the detector used. Balanced- 
bridge measurements have been made successfully with crystal drive levels 
below the nanowatt range. 
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7.3.2.4 ANALYZERS 

The basic elements of an rf network analyzer are (as shown in Fig. 7-17) a 
signal source whose output is split into reference and test channels, a vector- 
ratio meter to compare the amplitude and phase of the signals exciting the two 
channels, and a test network. The latter is cither the unknown, as in filter 
measurements, or is a test fixture, for example, a n network, into which the 
unknown is inserted. For scattering parameter measurements, the test 
network is further embedded in a suitable arrangement of directional couplers 
and rf switches. Most network analyzers include analog-to-digital converters 
to prepare the amplitude and phase readings for subsequent digital processing 
and a computer-controller for automating the test sequence and for 
presenting the results in nearly any format that may be desired. Usually the 
computational facilities are also used to process the raw data through 
extensive error-correcting routines before the results are displayed on the 
readout devices. Frequently the user is presented the output terminal of the 
generator and the input terminals of the vector-ratio meter and is responsible 
for the remainder of the system between these terminals. The essence of the 
network analyzer, therefore, is the vector-ratio meter (with associated digital 
processor, in most cases). 

The vector-ratio meter in Fig. 7-17 is based on the heterodyne principle 
(Nelson, 1972); other widely used devices are based on the sampling principle 
(Weinert, 1966: Ichino el «/., 1980). Also available are instruments with 
wideband characteristics, generally restricted to the low-frequency range, and 
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FIG. 7-17 Automatic network-analyzer system. The key element is the vector-ratio meter. It 
measures the magnitude and phase of the signal at its test-channel input relative to the reference- 
channel input signal and, thus, the transfer characteristics of the network under test. Numerous 
different operating principles are in use for the ratio meters: the one shown here is heterodyne with 
square-law amplitude detection. The primary data acquired is always analog. Subsequent digital 
analog conversion interfaces with the computer controller for automation of test sequence and 
data presentation. 
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analyzers that use magnitude information only. Errors in the amplitude 
measurements are mostly due to deviations from the desired linear or 
logarithmic characteristics of the amplifiers. The techniques used for the phase 
measurement range from measuring the time difference between the zero 
crossings of the IF signals in the reference and test channels to formation of the 
sine and cosine components of the test-channel IF signal relative to the phase 
of the reference IF, with subsequent computation of magnitude and phase of 
the test-channel IF signal. The error sources differ depending on the detailed 
implementation of the different techniques. Potential error sources common 
to all techniques, however, are insufficient reverse isolation and crosstalk 
between the reference and test channels in both the rf and IF sect.ons. These 
cause the phase of the respective signals to be affected by the signal in the 
opposite channel. 

Several of the error sources present in conventional vector-ratio meters are 
avoided by the use of the IF substitution method (Weinert, 1980). A block 
diagram of this system is shown in Fig. 7-18. In a manner similar to that in Fig. 
7- 1 6 the IF signal, for example, in the test channel, is decomposed by means of 
two synchronous detectors into orthogonal components that are used, by 
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FIG 7-18 Vector-ratio meter based on the IF substitution principle [after Weinert (1980): 
C 1980 IEEE] and using a phase-locked local oscillator. The outputs of two orthogonal 
synchronous detectors are used to adjust the phase and amplitude of an auxiliary IF signal to be 
equal and opposite to the input channel IF. The former is added to the latter to produce zero input 
to the channel IF amplifier. Test and reference channels are built identically. Amplitude readings 
are defined by the variable-precision attenuator settings and are not dependent on the amplifier 
characteristics. 
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means of appropriate controls, to force the input to the IF amplifier to zero. In 
the present case this is accomplished by adjusting a phase shifter and a 
precision attenuator, both operating on a signal at the IF frequency, such that 
the resulting signal is exactly equal and opposite to the test-channel IF signal. 
Signal amplitude is now measured by the setting of a precision attenuator, 
phase by a phase meter operating always at constant signal amplitude. The 
block diagram indicates that potential problems with the behavior of mixers 
(Huchital and Tomanic, 1 980), isolation amplifiers, and the phase properties of 
the precision attenuators still exist but are mitigated by the identical 
configuration of the test and reference channels. 

The impedance analyzer (Ichino et ai, 1980) is a network analyzer with a 
50-fii transmission bridge, such as shown in Fig. 7-13 and discussed in Section 
7.3.2.3.A, as the test network. The associated vector-ratio meter is based on 
the sampling principle. The fundamental difference from a conventional 
network analyzer is in the fact that here the test network is an integral part of 
the instrument, with only the test port itself accessible to the user. 

The accuracy and resolution of network analyzers can only be stated in 
terms of the capabilities of the vector-ratio meter. Both are very critical 
functions of the detailed design and depend on a variety of parameters such as 
signal level, frequency range, etc. Not all instrument makers provide accuracy 
information ; where such data are available they range from degrees to around 
0.5° for phase accuracy, while phase resolution reaches down to 0.01° in 
several cases. The accuracy of the amplitude ratio is usually in the 0.5-dB 
range, that is, around 10%. In the IF substitution instrument, the accuracy of 
the precision attenuator governs and is around 0.01 dB. 

7.3.3 Measurement Methods 

7.3.3.1 THE SWEEP MODE 

All of the instruments described in the preceding section, except the CI 
meters, are suitable for displaying the main- and spurious-mode spectrum of a 
crystal resonator on an oscilloscope or recorder. An estimate of the sweep rate 
needed for a nearly true display of the mode spectrum can be obtained by 
observing that the output of a single-tuned filter with quality factor Q in 
response to a suddenly applied sine wave at the center frequency is 
1 - exp(-/,f/Q). If the filter bandwidth Af = fJQ = BW is swept in a period 
Af equal to one time constant, that is, when At = t = Q/nf s , then the sweep 
rate is Af/At. = n{jJQ) 2 = n{BW) 2 and the signal amplitude at time t = x is 
approximately ( 1 - e). Hence, if the sweep rate is iz{BW) 2 , the response peak in 
the display is approximately 4 dB below its true value. If a Af = kt, that is, a 
sweep rate of (BW) 2 , is used, the error is reduced to about 0.4 dB. This agrees 



34 



ERICH HAFNER 



fairly well with the results obtained by rigorous analysis (Hewlett-Packard, 
1976). The latter results also include values for the shift in peak frequency of 
the display as a function of the sweep rate. 

The sweep mode is used mostly for locating the response to be evaluated. 
Since the response height is a function of the measuring network, it is 
meaningless to state in general terms that a spurious mode is so many decibels 
below the main mode. The minimim description of a spurious mode must 
include its motional-arm resonance frequency and resistance. 

7.3.3.2 MEASUREMENT OF THE CHARACTERISTIC 
PARAMETERS 

7. 3. 3. 2. A. The Zero-Phase Method. Any of the instruments discussed in 
Section 7.3.2 can be used for resonator measurements at zero phase angle. The 
zero-phase condition is established by use of one or more "purely resistive" 
substitution elements; in the case of the balanced bridge this may be an open 
circuit. All instruments except the CI meters in Figs. 7-8 and 7-9 have some 
means for measuring the value of the resistive component at zero phase; in CI 
meters it is determined by the value of the substitution resistor that matches 
the unknown. The determination of the equivalent-electrical-circuit para- 
meters by the zero-phase technique requires measurement of resonance 
frequency and resistance at least twice, once with and once without a load 
capacitor. The data obtained are./;, R, and/ L , R L . The relations in Table 7-1 
are then used to determine R,. C,, and L,. If the approximate relations in the 
table apply, then one obtains 



R, 














= 2[(./,. -./;.)//; - e](c 0 + c HA + co, 
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= (w s C 0 R,/2eo)(C„ A + C 0 )/<xC L . 





Here a = 1 + C HA /C, and C 0 = C Q if the resonator appears as a two-port in j 
the instrument or a =1 and C 0 = C 0 + C HA if it is used as a one-port (see Fig. 
7-4). The values of C 0 , C I1A . and C HB can be determined with a three-point 
capacitance bridge at low frequencies for most purposes. A somewhat better 
approximation for C 0 is obtained as the average of measurements above and 
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below the resonance range (Smythe, 1 98 1 ) or from./; measurements using two 
different load capacitors (IEEE, 1973). 

Zero-phase measurements are possible on resonator modes with M < 2 if a 
coil is used in parallel with C 0 . A particular approach for implementing a 
tunable inductor for such purposes has been described by Fischer and 
Schulzke (1977). The relations for R u Q, and L, appropriate to this case can 
be derived from Table 7-1 with X 0 oc. 

In all cases it is important that the frequency measurements that are used in 
the equations for C, are made at the same drive level or at a drive level low 
enough for errors due to the frequency-drive-level effect to be negligible. 

7.3.3.2. B. The Offset Method. Any instrument with phase measuring 
capability is suitable in principle for measurements at other than zero phase. 
Use of a load capacitor for the purpose of parameter evaluation can then be 
replaced by measurement of the resonator frequency at a finite phase angle 0, 
with C, determined from / r and fa or from fa , andfa 2 , if two different offset 
phase angles are used, for example, ±45'". More generally, offset methods 
involve measurement of the magnitude and phase of the test-network input 
output voltage ratio at points on the resonator immittance plot that are not on 
the real axis. Depending on the instrument or the operator's choice, this may 
involve measurements at preset phase values or at preset frequencies. In either 
case the relation for the input output voltage ratio for the particular 
measuring network used, such as Eq. (7-15) for the "zero-phase" n network, 
yields the resistive and reactive components of the resonator immittance 
corresponding to the observed voltage ratio. The value of the motional-arm 
reactance at the observed frequency then follows from either Eq. (7-1) or Eq. 
(7-10). Any two such values for X u with the corresponding frequencies, yield 
two of the constants in the equation for X t , such as the values of f s and the 
motional inductance L, when Eq. (7-4) is appropriate. A third measurement 
can be used to determine the value of C 0 . The degree to which each group of a 
multiplicity of such measurements on a well-isolated and well-behaved 
resonance mode of a crystal resonator yields the same values for these 
constants may be considered a measure of the internal consistency of the data 
obtainable with the instrument used. In general, the immittance plot of such a 
resonance mode covers a fairly large area of the immittance plane. The 
particular expression used for X, must, of course, thereby be assumed. In all 
cases the measurements should be carried out at a drive level that is sufficiently 
low for errors due to the frequency drive-level effect to be negligible. If such a 
drive level is less than the specified drive level of the crystal unit, a separate 
measurement of the specified resonance frequency, / r or /, , may be required. If 
the latter is/ L , the use of a physical load capacitor rather than a measurement 
at a large phase angle is recommended. 
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7.3.3.2.C. Balanced-Bridge Measurements. The resonance frequencies and 
resistances with and without load capacitor,/,, R r and f L , R L , respectively, are 
found by balancing the bridge while the reactance- susceptance control 
remains at the position found during initial balance. The values of the 
equivalent-circuit parameters can then be evaluated from the approximate 
Eqs. (7-21) in the same manner as discussed above for the zero-phase 
measurements. The resonance frequency and series resistance of the motional 
arm, /, and R,, respectively, can also be measured directly, with no 
approximations involved, if an admittance bridge is balanced by means of the 
/ and G controls while the susceptance control is left aUhe setting needed to 
balance the susceptance of the parallel capacitance C 0 . When this same 
procedure is used on a crystal unit with load capacitor, that is, when the bridge 
is balanced with the susceptance control left at the setting needed to balance 
C 0 and C'i in series, the resulting frequency and resistance are w sL and R s] . 
According to Table 7- 1 the relations for w sI are independent of R , and, hence, 
quite simple. When Eq. (7-4) is appropriate one finds, without further 
approximation. 

C, = 2{ l%i {i " K )C + C HA + C, ). (7-22) 

Numerous other techniques for bridge measurements on crystal resonators, 
including offset methods, are described by Hafner (1969). 

7.3.3.2. D. Automatic-Analyzer Measurements. Because of the prodigious 
computational facility of automatic network analyzers, any of the techniques 
in Sections 7.3.3.2.A-C can be implemented on these instruments (Pustarfi 
and Smith, 1973: Smythe, 198 1). Basically, each involves measuring the vector 
difference between two or more points on the immittance plot of the crystal 
resonator, along with the corresponding frequencies, and fitting the analytic 
expressions for the resonator immittance to this data by proper choice of the 
parameters. This is a task that most properly programmed automatic 
analyzers can perform with great resolution and repeatability. Also important 
is their ability to rapidly acquire a great deal of calibration data on the 
instrument and to use it in accuracy-enhancement routines. Regardless how 
powerful the digital and computational part of the instrument, the accuracy of 
the results is nevertheless a function of the detailed physical implementation of 
each of the components comprising the analog section of the system, as 
discussed in Section 7.3.2. 

A description of the particulars of any specific analyzer technique for 
resonator measurements would have to be tailored to a given instrument. This 
is beyond the scope of this chapter. 
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7.3.3.3 MEASUREMENT OF FREQUENCY 

TEMPERATURE CHARACTERISTICS AND AGING 

The principal problems with precision frequency -temperature and aging 
measurements are knowledge of temperature and recent temperature history 
of the resonator and evaluation of the behavior of the resonator apart from 
that of any associated components or circuitry. Ideally, the latter requires that 
the measuring head of the instrument be located inside the temperature 
chamber or oven and that the initialization or calibration of the instrument be 
repeated periodically. Since in most cases calibration requires the use of 
substitution elements at the measuring head, mechanical means for manip- 
ulating the crystal resonator and/or these elements are needed. The only 
exception is balanced-bridge measurement of / s , where the proper setting 
of the conductance control can be verified by off-resonance balance of C 0 
without necessarily removing the resonator from the test terminals. Several 
approaches to this manipulation have been reported, and pertinent papers are 
listed in the bibliography to this chapter. Among them are only a few attempts 
to avoid the use of auxiliary devices, such as switches, wiper arms, or sections 
of coaxial cables, between the resonator and the measuring head. In some 
cases separate sets of coaxial cables provide outside access to each crystal 
resonator in the chamber. The results are very much a function of the detailed 
implementation of the setup. When auxiliary devices arc used, the results 
represent the behavior of the resonator plus that device. 

For both frequency-temperature and aging testing, the most desirable 
system from the standpoint of economy will permit a multiplicity of crystal 
units in the same chamber. High-precision aging measurements in particular, 
however, require an extraordinary degree of temperature stability, which has 
not yet been demonstrated in a multicrystal chamber. Hence individual ovens, 
one for each resonator, are frequently employed for such tests (Beetley et <//., 
1981), usually each with its own oscillator. Only the aging of crystal plus 
oscillator can be determined by this method. Whether continuous or 
intermittent operation of the crystal unit during the aging test period is 
preferable, and whether they can provide equivalent results, is still an open 
question (Euler and Yannoni, 1981 ; see also, Chapter 6 of Volume 1 ). 

The dependence of resonator frequency on temperature contains a static 
and a dynamic part (Ballato and Vig, 1978: Sinha and Tiersten, 1980: 
Gagnepain, 1981), with the latter responsible for comparatively large fre- 
quency excursions, even in regions where the static frequency- temperature 
curve is nearly flat. Precision aging measurements therefore require an 
exceptionally stable temperature (successful modeling of the effects of 
temperature fluctuations has not yet been demonstrated), and frequency- 
temperature measurements require a very slow ramp or sufficient stabilization 
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time at each temperature for the gradients to decay. The time scale is 
determined by the magnitude of the dynamic effect for the type of resonator 
under study. 

The frequency temperature characteristics of crystal resonators are further 
complicated by hysteresis (Hammond et a/., 1968). Hysteresis manifests itself 
as a dependence of the resonator frequency at any given temperature on the 
thermal history of the unit. While large hysteresis effects, on the order of 
0.5 ppm for quartz crystal units, mostly found at low temperatures, are 
apparently always caused by improper processing during manufacture, all 
resonators appear to be affected to some degree. The measurement of 
hysteresis effects is best performed at the upper and lower turnover tempera- 
tures following a temperature profile that includes storage of the units at the 
extremes of the operating temperature range for prolonged periods of time 
between the measurements. 

The frequency-temperature and aging measurements on crystal resonators 
nearly always require a number of compromises depending on the particular 
aspect of major concern in any given test series. The validity of the chosen 
approach must be evaluated individually for each case. 



7.4 SUMMARY AND CONCLUSIONS 

The electrical performance of a piezoelectric crystal resonator vibrating in a 
single mode is fully described by the equivalent electrical circuit consisting of a 
motional arm, a resistor R l in series with a frequency-dependent reactance X u 
shunted by the static capacitance C 0 . In the lumped-element approximation, 
valid for small-coupling-coefficient materials such as quartz. X l is the j 
reactance of a series LC circuit with constant parameters L = L, and C = C,. 
For higher-coupling-coefficient materials, the frequency dependence of X, is 
determined by the appropriate (tan X)/X function following from the theory of 
vibration of elastic materials with distributed properties. In either case the 
equivalent electrical circuit contains four constants. 

The values of these four constant parameters can be determined from 
frequency and immittance measurements in the resonance range of the 
resonator. Such measurements are generally more difficult than those on 
conventional circuit elements, principally because of the exceedingly high rate 
of change of the value of A", with frequency which, of course, is a direct 
consequence of the high quality factor of these devices. For a quartz crystal 
resonator with a Q of 50,000. for example, the half-power points of the 
resonance curve differ in frequency by 20 ppm. Not only must the frequency 
stability and resolution of the measuring signal be very high, therefore, but 
nearly all operational and environmental factors acting on the crystal 



resonator have a large effect on this scale, even if their influence may be 
considered small in absolute terms. For example, a 1-m W change in drive level 
causes a 1-ppm change in the resonance frequency of a typical AT-cut quartz 
crystal resonator, and frequency-temperature coefficients of 1 ppm/°C are 
quite commonly encountered at room temperatures. Special precautions are 
therefore always required to assure a reasonably constant environment for the 
resonator, and the signal source should preferably be locked to the device 
under test. Moreover, sufficient time must be allowed after changes in test 
frequency to permit the high-g transients to decay. 

With the resonator environment held constant and the test signal stable, the 
measurement of a crystal resonator proceeds in much the same manner as that 
of a conventional circuit element, except that for the latter there is rarely a need 
to measure a composite resonance circuit — the individual components are 
usually accessible directly. The subject of resonator parameter measurements 
can thus be divided further into the aspects dealing with the fact that the 
desired data must be extracted from the behavior of the complete equivalent 
electrical circuit and the aspects generic to the measurement of immittances at 
and near the resonance frequency of the device. Both of these aspects have 
been dealt with in this chapter. 

Measurement techniques are usually based on the fact that the immittance 
of a crystal resonator as a function of frequency exhibits a number of unique 
features, such as the maxima of the magnitudes of the resistive and conductive 
components, etc. The most commonly used feature is zero reactance (phase 
angle) in the low-impedance range, that is, the resonance of the resonator, with 
or without series reactive elements. At resonance the resonator immittance is 
purely resistive, a feature that lends itself much more readily to substitution 
measurements than any other complex values of the impedance; zero phase, 
for instruments with phase-indicating or phase-measuring capability, is a 
much more readily established reference or calibration condition than any 
finite value. Nevertheless, the realization of substitution or calibration 
elements that exhibit zero phase at the resonator-instrument interface is a 
nontrivial problem. 

All of the measuring instruments discussed in this chapter are capable of 
being used for the measurement of resonance frequency and resistance by the 
substitution technique. Within the limits of the substitution elements, the 
resonator-instrument interface, and the resolution of the indicating meters, 
the results obtained thereby will be equally accurate for all instruments if the 
substitution process is carried to completion. Meeting this latter condition, 
however, is tedious and requires in the limit an infinite number of substitution 
elements. One measure of the relative merits of the various instruments 
available for resonator measurements, therefore, is the degree to which they 
are capable of interpolating the true value of the resonator impedance between 
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more or less widely spaced values of the substitution elements ; the latter would 
now more commonly be regarded as the calibration elements. To a large 
measure the magnitudes of the systematic errors encountered in any particular 
measuring system are a direct function of the imperfections in the detailed 
electrical and mechanical implementation of the basic system concept 
involved. Any value judgment of one system over another can thus apply only 
to the very specific implementations being compared. 

Nevertheless, some generally valid observations are possible. In the context 
of this chapter, these must be restricted to the analog part of the system, where 
the basic accuracy is determined. Although digital processing, programming, 
and computational facilities are an important part of modern instrumen- 
tation, they have not been dealt with in this chapter nor, for that matter, have 
the many different schemes for test-signal generation been dicussed. Just as a 
purer signal will result in better data, so will error-correction routines 
provided by a computer be more effective the lower the basic errors in the 
analog section of the instrument. 

The observations concern the relative difficulty in implementing any 
particular system concept electrically and mechanically, such as to minimize 
the more prominent sources of systematic measurement errors. A few 
examples must suffice. All of the principal system concepts considered, except 
the balanced bridge, employ vector-ratio meters with the crystal resonator in 
some kind of transmission network; the n network and the 50-fl transmission 
bridge are the two examples discussed most extensively. All else being equal, 
including the vector-ratio meter and plumbing, use of the latter would appear 
to offer an advantage in that one of the unknown terminals is at ground 
potential and the range of maximum sensitivity is around 50 Q. When 
comparing a transmission-type measuring system with a balanced-bridge 
system, it can be observed that the vector-ratio meter with the currently 
highest performance also employs the zero-balancing principle. Nevertheless, 
the sources of potential measurement errors in the transmission system 
include all elements of the entire analog signal train, including cables, 
connectors, etc., whereas in the balanced-bridge system they are restricted to 
the bridge proper. The latter would thus appear to have the advantage. 

Other very pertinent measures of the relative merits of a particular 
measuring system, next to accuracy, are versatility, speed of operation, 
sensitivity-resolution and, last but not least, cost. Of these, only versatility in 
terms of the basic capability to satisfy the various resonator measuring needs 
has been discussed in this chapter. All other aspects are very much a function 
of the state of technology at any given time and, thus, subject to frequent 
changes in the future. 
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APPENDIX I: THE GENERALIZED EQUIVALENT 
CIRCUIT 

Let the reactance of the motional arm in the lumped-element-equivalent 
electrical circuit in Fig. 7-3 be 

*n.M = wL, - 1/wC,. (7-23) 
The admittance for a lossless (K, = 0) resonator is then 

Y=jioC 0 (l - 1/wQA:,). (7-24) 

The pole and zero frequencies are co s , the resonance frequency of the motional 
arm, and co p , the parallel-resonance frequency of the resonator, with u\ and to 
defined by p 

*iK) = 0 X,(w p ) = l/(oC 0 . (7-25) 

The plane-wave approximation for the vibration of resonators with 
distributed-mass, elastic, and piezoelectric properties yields the admittance 
expressions (Yamada et ai, 1970: IEEE, 1978) 

Y s = jwC 0 — — 1 — — _ _ , 
[1 - A's(tan A s co)/A s u)2 

(7-^6) 

y L) =./coC 0 [l + fc^tan A v (o)/A v aj] 

for piezoelectrically stiffened and piezoelectrically unstiffened resonators, 
respectively. These expressions can be recast into the form of Eq. (7-24), which 
leads to the definition of the corresponding generalized motional-arm 
reactances: 



W C 0 V kg tan A s co J' 

1 1 A„co (7-27) 



v — u 
A iu — — 



v)C 0 kl tan A v t 



If the pole and zero frequencies are again defined by Eqs. (7-25), the constants 
in Eqs. (7-27) are determined as 

A = — k 2 = ( OT /2)(w> p ) 
. S 2tu p ' s tan[(»7r/2)(w s / % )] ' 

A = H 7 L k 2 = (-»ft/2)(co> s ) (7-28) 
2co s ' u tan[(/m/2)(co p / ( y s )] ' 

with the overtone order n being an odd integer. 
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For small piezoelectric coupling, k 2 <g 1, and Eqs. (7-27) can be approxi- 
mated by 



1 / oj — OJ 



As - .. I 1 + 



ojC 0 \ co t 



1 CD I CO — ax, 
_Y ~ I 5 

1Li <oC 0 (o p \u) p ~ m s 



(7-29) 



while the reactance of the lumped-element circuit [Eq. (7-23)] with Eqs. (7-25) 
can be written as 

Xu ' ' I ~-"M- (7-30) 



' CoC n \ CO 2 



P 



The values A', of the motional reactance according to the relations (7-27) 
with (7-28) and according to (7-29) are exactly the same as for the lumped- 
element circuit in Eq. (7-30) at the two frequencies co s and <o p . The differences 
are in the frequency dependence outside these values for co; they become 
increasingly important as k 2 increases. For quartz crystal resonators, as an 
example, the frequency w determined from Eq. (7-30) for a given value of X { 
differs from the frequency found from the applicable relation in Eqs. (7-29), 
foi the same value of A",, by less than 1.5 parts per 10 6 over a range of ± 1 
part per l() 3 from co s . Certainly, for materials with large coupling coefficients, 
the use of the applicable relation in Eqs. (7-27) in place of Eq. (7-30) for X , is 
advisable. 

To provide for arbitrary losses in the resonator material (Holland, 1967) 
requires solution of the complex eigenvalue problem, which has apparently 
not yet been reported. Small viscous losses, however, can be accounted for by 
replacing, for example, A s by A s = A s (l - ./cot/ 7 -) Eqs. (7-26) and (7-27) 
(Lamb and Richter, 1966: Ballato, 1977), where z = \/m s Q 0 is the motional 
time constant (for quartz t is on the order of 10~ 14 sec). When, further, X, in 
Eq. (7-24) is replaced by Z, = K, + jX t and the abbreviations 

A x = ,4 s co, A, = A s co 2 x/2, 
1 tan/yi - tanh 2 /!,.) _ 1 t anh A r (\ + tan 2 A x ) (7-31) 

H = k 2 (tan 2 T v T lanh^;] ' _ k 2 (tan 2 A x + tanh 2 A r ) 

are used, one can find from Eq. (7-27) that 

X K = ~(\ - A X H - A r K), R, = -^r(A x K - A r H). (7-32) 
coC 0 coC 0 
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Within the limits of their validity, that is, arbitrary k 2 and cut ^ 1, the Eqs. 
(7-32) can nearly always be approximated by 

y 1 (\ A * w \ n2n2 T f°>\ 2 

'""^-FS^J- R *=W-c- 0 {»J' (7 " 33) 

demonstrating that the expressions for X i in Eqs. (7-27) are valid even in the 
presence of losses and, further, that the equivalent electrical circuit in Fig. 7-5, 
with X t and R t as just defined, is valid for most resonators of practical 
significance. 



APPENDIX II: TWO-PORT RELATIONS FOR THE 
IEC-444 n NETWORK 

The input-output relations for a four-terminal network are 
V i =a li V 2 + a l2 I 2 , 
I, = « 21 V 2 + a 22 I 2 . 
For the network in Fig. 7-12, the matrix elements are 

-•(-t)(H^ 
K i+ l)+4 + f;M'4:)(-| 

z, + z, + z,V, + zA + , z t + z s + z { .. , , 



•'l 1 



Z,Z 3 A ZeJ \ Z,Z 6 "A ^ Z\ 

+ z (Zj+Z 2 + z 3 \fz + +z 5 +z t 



Z,Z 3 A 2 4 Z 6 



+ ZJ 1 + -i 



z 5 Yz, + z 2 + z 3 



(7-34) 



Z,Z 2 

The determinant a u a 22 - a 12 a 21 = 1. When the network in Fig. 7-12 is 
terminated with Z T , l 2 = V 2 /Z T : the input-output voltage ratio then becomes 

VJV 2 = a n + a l2 /Z r = A + BZ X . 
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The input impedance is given by 

z i„ = 1 • ': = ("nZ-i + a l2 )/{ti 2l Z l + a 22 ). 

If all elements in Fig. 7-12 are resistive with the values as shown and 
Z, = 50 Q. then A = 30.03 Q and B = 1 .24 £T 1 . 



APPENDIX III: TWO-PORT RELATIONS FOR A 
TRANSMISSION BRIDGE 

The chain matrix elements for the network in Fig. 7-13 are 

_ (Z, + Z 3 )(Z 2 + Z M ) 
7 Z ~ 7 7 ' 

_ Z.Z^Z^ ZJ +_Z 3 _Z t ^Z_ 1 + Z 2 ) 
«[2 - 7 7 ; v 7 

Z -2 Z '3 ^l^-M 
_ + ^2 + Z 3 + Z M 

~ 7 7 _ 7 7 
= (Z, + Z_,)(Z 3 + Z M ) 

l, 22 " 7 7 _ 7 7 

If Z, = Z 3 the input-output voltage ratio becomes 

V l - 2 Z - * 7 " + ?i> - 2Z : _ 1 J3.__ 
V 2 ' Z 2 - Z M Z, Z T z 2 + Z M ' 

The output-input voltage ratio can then be written as in Eq. (7-16). When Eq. 
(7-16) is solved for Z M and the quantity (Z M — Z 0 )/(Z M + Z 0 ) = Y is formed, 
Eq. (7-17) is found by solving for 7. 
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8.1 BULK-ACOUSTIC- WAVE OSCILLATORS 8 

One of the most important applications of bulk-wave quartz crystal 
resonators is the stabilization of time-frequency generators. These generators 
provide the carrier signals and pilot signals for electronic communications and 
navigation systems, the clock signals for data processing and digital com- 
munications systems, and the reference signals for numerous special-purpose 
systems and instruments. The frequency accuracy and stability requirements 
placed on these signal sources are as diverse as the applications and range all 
the way from the ±0.1% tolerance often quoted for microprocessor clocks to 
the+5 x 10~ n tolerance needed, for example, by high-speed digital telecom- 
munication switching machines. Specific circuit designs are as diverse as their 
requirements. 

In spite of the wide range and large numbers of designs, however, the crystal- 
controlled oscillators in common use may be broadly categorized for purposes 
of discussion. In addition, there are basic considerations that generally apply 
to crystal-controlled oscillator circuits of all types. In the following discussion, 
we attempt to proceed from the general to the more specific. 



8.1.1 General Characteristics of Crystal-Controlled Oscillators 

Nearly all crystal-controlled oscillator circuits may be considered to consist 
of two essential parts: an amplifier, or gain circuit, and a feedback network 
that provides positive feedback at the frequency of oscillation. Such a 
generalized conceptual circuit is shown in Fig. 8.1-1. The amplifier portion 



1 



.-"flHhr 
i i 
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FIG. 8.1 -1 Functional concept of the positive-feedback crystal-controlled oscillator. 



usually consists of one or more active devices and the necessary biasing 
networks and may also include a band-limiting network together with 
impedance-matching elements. The crystal unit appears in the feedback 
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network, which may contain other components as well. With this concept in 
mind, we shall examine some of the general characteristics of such circuits. 

8.1.1.1 REQUIREMENTS FOR OSCILLATION 

In the circuit of Fig. 8.1-1, consider for the moment that a signal e exists at 
the input of the amplifier. Letting A represent the gain of the amplifier (when 
loaded by the feedback network in shunt with the applied load), the signal 
appearing at the output terminal is e • A. If we let p represent the transmission 
of the feedback network (when loaded by the input impedance of the 
amplifier), the resulting signal at the amplifier input is e • A • |i = e' When e' 
has the same phase as e and |c'| > |e|, the circuit oscillates. Writing A = Ae J »* 
and P = fie'® 11 , we see that this requirement can be formulated as 

A • |! = Afl cxplj(® A + 0,)] > exp[/(2mt»], n = 0, 1, 2, . . . . 

(8.1-1) 

The frequency of oscillation is determined by the phase condition 

(0 ( + 0^) = l, m .n = 0, 1,2 At this frequency the magnitude of the loop 

gain vector A • p must be greater than unity for the signal level in the loop to 
build up. The signal level in the loop will continue to increase until the 
amplifier gain is reduced, either by nonlinearities in the active elements or by 
some'automatic level-control method. 

When initially energized, the only signal present in the circuit is "white" 
electrical noise associated with the components (mainly the active devices) in 
the circuit. That component of noise whose frequency satisfies the phase 
condition for oscillation is propagated around the loop with increasing 
amplitude . The rate of increase of amplitude depends on the excess gain of the 
loop as well as on the bandwidth of the crystal network. 

8.1.1.2 SOURCES OF FREQUENCY INSTABILITY 

The instantaneous frequency generated by any real oscillator circuit 
changes from one instant to another due to several causes that may be broadly 
considered as two categories. First are those variations produced by the 
sustaining circuit, which include loop-phase perturbations due to mechanical 
and electrical environments influencing the active elements as well as the R, L, 
and C parameters of the networks. Also, the phase stability of the loop is 
corrupted by the presence of intrinsic electrical noise generated in active 
elements and thermal noise associated with resistance elements. Long-term 
drift (aging) of the components in the sustaining circuit produces changes in 
the circuit-transfer phase characteristic, which in turn produces corresponding 
long-term changes in operating frequency. 
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In the second general category are those changes due to variations in the 
controlling resonator itself. The series-resonance frequency of the crystal unit 
will be influenced by its temperature environment, by mechanical disturb- 
ances, and by drive level. Long-term changes in its frequency (aging) can be the 
result of relaxation of electrode and mounting-system stresses, surface and 
subsurface changes (such as the propagation of microcracks left by shaping 
operations), diffusion of metal electrode systems, and adsorption-desorption 
of residual gases and vapors in the sealed crystal enclosure (see Chapter 6). 

Consider, for example, the simple oscillator circuit of Fig. 8.1-2. Assume 
that the active devices are nearly ideal, so that the initial operating condition is 
at the resonance frequency f T of the crystal unit and both Q A and are 
therefore zero. The effective, or loaded, Q of the crystal unit, since it is loaded at 
either port by the transistor emitter resistance R F , is 



Q t = (oL l /(R 1 + 2R E ). 



(8.1-2) 



At some later time a perturbation of supply voltage or some other variation 
results in a phase change in the active circuit of an amount A©^ . The operating 
frequency then changes until the phase shift in the crystal network is exactly 
equal in magnitude and opposite in sign: 



A0, + A0„ = 0. 



(8.1-3) 



The change in the crystal-network phase A0 g can be approximated as 

2 AwL , 



a@ » = r^2r: 



(8.1-4) 



where L, is the equivalent motional inductance of the crystal unit, Aw the 
incremental change in angular frequency, R t the motional resistance of the 
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L. 
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FIG. 8.1 -2 A simple series-resonance crystal-oscillator circuit. 
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crystal, and R v the effective emitter impedance of the transistor stage. 
Consequently, in order to satisfy the loop-phase conditions for oscillation, 

2 A(hL, . _ ,,, , 

^ R : -2R, AW - (81 - 5 » 

Or, solving for the fractional change in frequency, 

Aw/co = -A® A /2Q C , (8.1-6) 

where we have used Q t to represent the effective, or loaded, quality factor of the 
crystal embedded in the network. 

Consequently, for any specific circuit configuration for which we can 
calculate the network transfer phase, we can relate frequency change to a 
particular parameter change, assuming that the crystal parameters remain 
invariant. Similar results can be obtained for operating conditions other than 
series resonance, although the relation between network phase and frequency 
change becomes more complex as the operating point moves further away 
from series resonance, as evidenced by the equivalent-circuit representation of 
the crystal unit shown in Fig. 8. 1-3. If a) 0 = lA/Z^C, and to = 2nf, then using 
the angular frequency offset Am = a> - co 0 we see that very near series 
resonance the equivalent impedance can be expressed as 

Z 12 R t + j(2Ao)L,). (8.1-7) 

Over a wider frequency range, admittance can be approximated by (neglecting 

C 13 and C 23 ) 

R, 



Y ' 2 ~ R 2 , + (2AwL,) 2 +J 



2A(oL l 
b)C ° ~ KfT(2A«L^ 



(8.1-8) 



_l | — ^nnr 1 — vw 

C, Lj R l 



t 



-23 



J 



(ENCLOSURE) 

FIG. 8.1-3 Equivalent electrical circuit of a piezoelectric resonator at frequencies near 



resonance. 
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The admittance (or impedance) of a well-behaved crystal unit, when 
expressed in this way, is found to be nearly invariant under conditions of 
mechanical, electrical, or thermal disturbance: nor does it change appreciably 
with time. Consequently, any changes of crystal frequency due to aging or 
environment are seen directly in the operating frequency of the oscillator 
whether it operates the crystal unit near series resonance or in a positive- 
reactance region. 

Actual circuits are usually found to undergo changes of several parameters 
simultaneously. As a practical result, the isolation of specific factors contribut- 
ing to overall frequency instability can be a difficult task. In the case of very 
stable oscillators, this task is rendered even more difficult by the unavoidable 
presence of electrical noise. Analyzing the effect of this noise is a complex task 
and will not be considered here other than to say that it results in a 
nondeterministic random phase-fluctuation spectrum that is best treated by 
statistical methods (Barnes et ai, 1971 : Cutler and Searle, 1966). 

8.1.1.3 CLASSIFICATION OF OSCILLATORS AND THEIR 
PERFORMANCE CHARACTERISTICS 

Crystal-controlled oscillators have been designed and produced in widely 
varying types, sizes, and circuit configurations — the possibilities are nearly 
unlimited (Edson, 1953 ; Frerking, 1 978). For purposes of discussion, however, 
they can be broadly grouped into some general categories. 

(1 ) Packaged crystal oscillators include those which do not provide means 
for reducing the frequency-temperature performance of the controlling crystal 
unit. These oscillators range from the miniature types used as clocks for 
microprocessors to the high-power, high-frequency exciters for radars or 
microwave generators. They may sometimes include a manual frequency 
adjustment to permit field recalibration. 

(2) Voltage-controlled crystal oscillators are those frequency generators 
that provide a means for electrically controlling frequency over some narrow 
range, usually by means of a varactor diode used as tuning capacitor. These 
oscillators are commonly used in phase-locked-loop applications or as FM 
generators in communications systems. 

(3) Temperature-compensated crystal oscillators make use of special cir- 
cuits to improve the frequency-temperature performance that would be 
achieved with the crystal unit alone. Many techniques have been developed for 
this purpose. In general terms, a temperature sensing device is used to regulate 
a variable reactance in the crystal network so that at any temperature within 
the design range a nearly constant output frequency is obtained. Some 
commonly used techniques will be described in Section 9.2. 
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(4) Temperature-controlled crystal oscillators provide the highest degree of 
frequency stability. Either single or two-stage "ovens" or temperature- 
stabilized enclosures are used to maintain the crystal and oscillator circuit at a 
very stable temperature, thus eliminating frequency changes due to thermal 
environments. Such precision oscillators usually include sophisticated circuits 
to maintain stable, low-level crystal drive and to protect the oscillator circuit 
from the effects of external load and power supply variations as well. 

Clearly, this categorization is very general, and an almost unlimited number 
of variations and combinations are possible. Packaged crystal oscillators, 
for example, may include frequency multipliers or dividers, provisions for 
multiple- or submultiple-frequency simultaneous outputs, etc. Temperature- 
compensated or oven-stabilized crystal oscillators are often also provided 
with voltage-control capabilities. The frequency-stability performance to be 
expected, however, can be generally correlated to the categorical types given 
above. 

Packaged crystal oscillators and voltage-controlled oscillators provide 
frequency-stability performance determined mainly by the crystal resonator 
used. Tvpical frequency temperature curves of several commonly used 
crystal types are shown in Fig. 8.1-4. Using an AT-cut resonator, for example, 
a frequency tolerance of + 25 x 1 0" f ' can be realized over a temperature range 
from about -40°C to 90°C. 

The performance of temperature-compensated crystal oscillators is limited 
by the accuracy of the compensation method and by frequency aging of the 
crystal unit employed as well as by unavoidable environmental effects. Analog 
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compensation methods are practically capable of maintaining frequency 
tolerances of about ±5 x 1CT 7 over a temperature range from -30°C to 
80°C. With digital methods the frequency stability that can be achieved is 
theoretically limited only by the retrace characteristics and aging of the crystal 
unit. Practically, it also depends on the accuracy of the temperature sensor 
digitizer, the thermal coupling between crystal unit and sensor, and the 
precision of the processor used. Tolerances of about + 1 x 10" 7 over a wide 
temperature range are possible with present state-of-the-art sensors and 
microprocessor equipment using the best crystal units available (Frerkine, 
1978). 

Oven-stabilized crystal oscillators commonly use proportional- 
temperature-control techniques, which allow the cavity temperature to be 
maintained with high accuracy and to be virtually free of thermal transients. A 
single-stage oven of this type can provide a temperature-stabilization ratio of 
as much as 1000 or more (i.e., an internal temperature change of no more than 
0.01°C for an ambient variation of 10°C), while two-stage systems can achieve 
stabilization ratios of 50,000 or more. When used with precision overtone- 
mode crystal units and carefully designed circuitry, these oscillators can 
maintain frequency within ±5 x 10" 1 2 per day, or even better, limited only by 
the aging of the crystal resonator (Flint and Pustarfi, 1974). 

Some of the parameters of different types of oscillators are summarized in 
Table 8.1-1. 

TABLE 8.1-1 



Comparison of Oscillator Types 



Type 


Temperature range 


Frequency deviation 


Input power 


Miniature, 


-40-100°C 


>2.5 x 10 5 


5-100 mW 


packaged discrete, 


0- 70°C 


> 1.5 x 1(T 5 


5-100 mw" 


voltage controlled 








Temperature 


-40-100°C 


>3 x 1(T 6 to 5 x 1(T 7 


1 5-200 mW 


compensated 


0- 70°C 


>I x KT 6 to 3 x 1(T 7 


1 5-200 mW 


Temperature 


0- 70°C 


1 x irr 7 to 2 x 1(T 10 


2 40 W 



stabilized 



8.1.2 Circuit Configurations for Crystal-Controlled Oscillators 

Many different circuit configurations have been used for crystal-controlled- 
oscillator applications. One class of sustaining circuits uses the crystal unit as a 
series-resonant feedback element with a noninverting amplifier. Such circuits 
are readily realized as silicon integrated circuits and have found extensive 
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application in miniature packaged oscillators. Another class of oscillator 
circuits makes use of inverting amplifiers, thus requiring that the crystal unit 
be combined with other elements in a feedback network capable of providing 
approximately n radians of phase shift. These networks may be bridge-type 
circuits or some form of bandpass structure. Phase-inverting feedback circuits 
can also be realized with divided-electrode crystal units or with monolithic 
crystal filters. 

Some of the circuits which have been widely used are described in the 
following sections. 

8.1.2.1 BRIDGE CIRCUITS 

The bridge-type feedback network has been widely used in the past for 
precision crystal-controlled oscillators. Vacuum-tube amplifiers having tuned 
plate and grid transformers were employed in order to achieve impedance 
matching to the low-impedance bridge and thus realize high gain. Modern 
designs use an integrated amplifier circuit, which minimizes the need for 
impedance matching: however, a single tuned transformer, as shown in Fig. 
8.1-5, is useful for suppressing wideband noise as well as for providing 
assurance that oscillation will not occur at some undesired crystal mode of 
vibration. 

The advantage of the bridge circuit is that it provides simultaneously for 
positive and negative feedback around the sustaining amplifier. The negative- 
feedback portion serves to stabilize the operation of the active circuit and also 
provides a convenient means to achieve automatic level control. For example, 
if the resistive element connected between point C and ground in Fig. 8.1-5 



3> 




FIG . 8. 1 - 5 Functional schematic of a bridge-type oscillator circuit using a differential-input 
integrated amplifier. 
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consists of a variolosser diode or a field-effect transistor (FET), its effective 
resistance can be electrically controlled to maintain a constant output level . As 
R C D is increased, the negative-feedback factor increases and the loop gain of 
the amplifier decreases. Figure 8.1-6 shows one way of accomplishing the 
level-control function. The FET device is initially biased to its high- 
conductivity state, producing a low value of negative feedback and therefore a 
maximum value of excess loop gain. As the oscillation level increases, the 
signal amplitude is detected by the diode rectifiers, amplified, and used to 
control the conductivity of the FET at the equilibrium gain condition. 

The open-loop gain of the sustaining amplifier (A , ) can be very high ( 1 0 4 or 
greater), so that the transfer function of the oscillator loop is dependent almost 
entirely on the negative-feedback parameters: consequently, very stable 
operation is possible. Frequency stability is determined mainly by the phase- 
slope characteristics of the positive-feedback portion of the bridge, consisting 
of the crystal unit in series with R 2 . The conditions for stable operation can be 
expressed as: 

^2 ^FET 

Ri + R 2 ~ R 3 + k F et' (81 " 9) 

where R l is the motional resistance of the crystal unit and R t ET the dynamic 
impedance of the FET device. The crystal drive level at which this condition 
prevails is determined by the buffer-amplifier (A 2 ) gain and the characteristics 
of the diode detector, AGC amplifier (A 3 ), and the FET impedance 
characteristic. 
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Residual phase errors in ihe bridge components and circuit wiring give rise 
to a frequency offset from crystal-unit resonance. 

where AG is the circuit phase error and L, the crystal-unit motional 
inductance. Rearranging and differentiating, the phase-slope function is found 
to be 

r(A0 ' . A ^ . (8.1-11) 

c(Af) (R 2 + «,) 

which is a measure of the stability characteristic of a crystal-controlled 
oscillator. 

Although not extensively used in current commercial oscillators, the bridge 
circuit can provide highly stable oscillators and can easily be adapted to 
integrated differential-input amplifier circuits. 

8.1.2.2 MODIFIED PIERCE OSCILLATOR CIRCUIT 

The modified Pierce oscillator is currently one of the most widely used 
circuit configurations for highly stable crystal-controlled-oscillator appli- 
cations. It is readily adapted for use with virtually any inverting amplifier, 
single-stage vacuum tube, bipolar transistor, or FET device and can easily be 
designed to operate the overtone mechanical modes of the crystal unit. Figure 
8.1-7 is a schematic diagram of a bipolar-transistor Pierce oscillator with 
provision for automatic level control. In this configuration the crystal unit and 
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FIG. 8.1 -7 Functional schematic of a modified Pierce oscillator circuit with automatic level 

control. 
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its associated trimming capacitor form the series branch of a bandpass phase- 
inverting feedback network. At moderate frequencies the transfer phase of the 
transistor exceeds 180° (i.e., at 10 MHz a transistor with a 900-MHz cutoff 
frequency exhibits about a 200° measured phase shift). Thus, the feedback 
filter network must provide an additional 160° phase delay in order to satisfy 
the loop-phase condition for oscillation, which occurs within the passband of 
the feedback filter section. 

In order to satisfy the loop-phase conditions for oscillation with a n- 
network circuit of this kind, it is necessary that the two shunt reactance 
elements be of the same sign at the frequency of operation and the series 
element be of the opposite sign. In the modified Pierce configuration, the two 
shunt elements are capacitive, which forces the crystal branch to operate in a 
positive reactance condition, assuring the maximum phase slope for the net- 
work. For overtone operation of the crystal, it is only necessary that the L-C 
configuration in the collector circuit of Fig. 8.1-7 be resonant at a frequency 
between the desired mode frequency and the next lower odd overtone mode 
(i.e., between the fundamental and third overtone to assure third-overtone 
operation, etc.). 

For best long-term frequency stability, the insensitivity of oscillator 
frequency to changes in transistor characteristics, load impedance, etc., is 
improved by choosing the shunt reactance elements as small as possible (large 
capacitance values), restricted only by the requirement that adequate loop 
gain be maintained. In this way the phase slope of the network is kept at a 
maximum. Analysis of the effective rf circuit (Figure 8.1-8) yields the following 
approximate expression for the minimum value of the terminating capacitive 
reactance at the operating frequency (Smith, 1960): 

where R jn is the effective input resistance of the amplifier stage, R e the crystal- 
unit resistance at the operating condition, A the current gain (magnitude) of 
the amplifier stage, /' the oscillator frequency, and/ b the beta cutoff frequency 
of the amplier stage. 

The phase slope of the feedback network under these conditions is given by 

S©/cl/~ 4rcL ,//?., (8.1-13) 

which is the maximum that can be achieved with the given crystal-unit 
parameters (Felch and Israel, 1955). 

A disadvantage of the modified Pierce oscillator is the relatively high 
current carried by the crystal unit. The magnitude of the crystal current can be 
easily restricted by automatic-level-control techniques, but the ratio of output 
power to crystal drive is quite low. 
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(b) 

FIG. 8.1 -8 Simplified ac equivalent circuit of the modified Pierce oscillator: (a) simplified 
schematic: (b) a linear analytic model, where/, = ij represents the current transfer function of 
the bipolar transistor. 

8.1.2.3 COMMON-COLLECTOR OSCILLATOR CIRCUITS 

A circuit configuration which offers some advantages makes use of a 
common-collector transistor stage as the sustaining amplifier. As evidenced by 
the schematic in Fig. 8 . 1 -9, this configuration allows one side of the frequency- 
trimming reactance to be at ground potential, which is especially useful for 
varactor-diode tuning devices. This circuit is in fact a modification of the 
Pierce circuit, having the transistor collector rather than emitter at rf ground, 
and can be adapted to overtone-mode operation in the same way. Application 
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FIG. 8.1 -9 Schematic of a bipolar common-collector oscillator circuit. 
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of AGC is somewhat complicated by the presence of rather large rf voltages at 
the emitter. Also, it will be noted that the base biasing network appears in 
shunt with the (nearly) parallel-resonant base circuit and can potentially 
degrade the Q factor of the network to a greater extent than in the Pierce 
circuit. 

This circuit is especially well suited for use with a dual-gate field-effect 
device, where the second gate provides a convenient gain-control element and 
the biasing networks can use very high resistance values. Operation of this 
circuit is essentially the same as that of the modified Pierce circuit described 
previously. 

8.1.2.4 COMMON-BASE OSCILLATOR CIRCUITS 

The oscillator-circuit configurations described above are widely used at 
moderate frequencies, that is, below 30 or 40 MHz. For VHF use, however, the 
common-base transistor circuit shown in Fig. 8.1-10 has proven to be quite 
useful. The transfer phase of the common-base stage remains near zero for 
frequencies as high as 20% of the transistor unity-gain frequency. Also, the 
impedance presented to the crystal circuit by the emitter is relatively low, so 
that the phase slope of the feedback network is not seriously degraded. 

The tuned network in the collector circuit effectively limits the bandwidth of 
the oscillator, making it useful with overtone-mode crystal units. The resonant 
network is tuned to the operating frequency, and coupling to the load (as well 
as the feedback ratio) can be chosen to optimize the ratio of output power to 
crystal current within the available gain limitations of the active device. 

This circuit is particularly useful for those applications, such as microwave 
carrier generation, where stringent (wideband) signal-to-noise requirements 
are imposed. In contrast to the previously described circuits, the crystal unit in 
this circuit is not the resonant network and therefore does not carry circulating 
currents. Consequently, much greater output power results from the same 
crystal drive power. 

A disadvantage of this circuit is that application of automatic gain control is 
not easily accomplished. Generally, the operating level is set by choosing the 




FIG. 8.1-10 Schematic of a common-base, tuned-collector oscillator circuit. 
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dc operating point of the transistor, and the device nonlinearity makes the 
circuit self-limiting. An alternative technique uses clamping diodes across the 
collector-tank circuit to limit oscillation amplitude. At the expense of added 
complexity, an electronically controlled loss pad can be introduced in series 
with the crystal unit. 

8.1.2.5 EMITTER-COUPLED OSCILLATORS 

A noninverting amplifier having good high-frequency performance and 
which can be realized with a minimum of reactive elements is the emitter- 
coupled circuit. Shown in Fig. 8.1-11, this is a transistorized adaption of the 
vacuum-tube circuit called the Butler oscillator. In this arrangement the 
crystal feedback path is connected between the emitters of the two transistors, 
thus minimizing the phase-slope degradation when using low-resistance 
crystal units. Since the transfer phase of both the common-base and common- 
collector stages is nearly zero even at high frequencies, the net amplifier phase 
errors are small, and phase stability is good. High loop gain results from the 
use of two active stages, allowing relatively large ratios of output power to 
crystal drive current. As shown, the circuit can be readily adapted for 
operation with overtone-mode crystal units by using a tuned circuit as the 
interstage coupling network. However, the most common application of the 
emitter-coupled oscillator is in single-chip silicon integrated-circuit oscillators 
(Embree el aL 1980). In this application, circuits that operate over the 
entire frequency range of fundamental-mode AT-cut resonators can be 
realized without the need for any discrete components. This capability greatly 
simplifies the fabrication of the miniature oscillators used for data processing 
applications. The same silicon integrated circuit can also incorporate other 
functions, such as line drivers, frequency dividers, display drivers, and phase- 
locked loops. 
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FIG. 8.1 -1 1 Schematic of an emitter-coupled, series-resonance oscillator circuit. 
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Emitter-coupled oscillators do not provide the same degree of frequency 
stability as can be achieved with other types, such as the modified Pierce 
circuit. For example, the use of two active stages results in increased sensitivity 
to supply voltage and ambient temperature. The circuit is not conveniently 
provided with automatic-gain-control capabilities. 

In spite of these shortcomings, this circuit can be very useful for applications 
requiring only moderate frequency stability with a minimum of space required 
for the oscillator circuit. 

8.1.3 Temperature-Control Techniques for Precision Oscillators 

Most precision crystal-controlled oscillators being manufactured today use 
some form of the modified Pierce circuit configuration, make use of either 
third- or fifth-overtone thickness-shear resonators of AT- or SC-cut quartz, 
and operate at a frequency in the range from about 5 to 10 MHz. These 
resonators exhibit Q-factors of 2.5 to 3 x 10 6 and under carefully maintained 
operating conditions can produce frequency generators of very high stability, 
for example, fractional frequency deviations of as little as 1 to 3 x 10" 12 per 
day have been reported. 

In order to achieve good frequency stability, it is essential to provide a very 
stable thermal environment for the crystal unit and the critical oscillator- 
circuit components. Other factors must also be carefully controlled, as 
discussed below, but temperature control is the most important single factor. 
A more detailed discussion of temperature-control techniques can be found in 
Chapter 9. 

8.1.3.1 TEMPERATURE STABILITY REQUIREMENTS 

As discussed in earlier chapters, the frequency of a quartz crystal resonator 
is a function of its temperature. In fact, frequency depends on both the 
instantaneous temperature and the rate at which the temperature is changing. 
The exact dependence is a function of many factors, including the crystal- 
lography orientation of the plate, the mode of vibration, the shape of the 
plate, the distribution and amount of plating, and the method of mounting the 
resonator in the enclosure. 

In particular, the AT-cut resonator exhibits a static frequency vs. tempera- 
ture (f/T) characteristic that is quite closely approximated by expressing 
frequency change as a cubic function of temperature, as shown in Fig. 8.1-12. 
The inflection points of this curve are always located near 27°C, but the 
"turnover" temperatures (points of zero slope) depend on the exact orientation 
of the plate as well as on other fabrication parameters. For the specific example 
of Fig. 8.1-12, it is apparent that maintaining the temperature very close to the 
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"turnover" point would result in minimizing frequency changes due to 
temperature drift. The first requirement to be met by the crystal oven device, 
then, is that it be carefully adjusted to maintain the crystal temperature as 
close as possible to the exact turnover of the crystal unit. The approximate 
location of the turnover point is controlled by the design of the crystal unit, but 
manufacturing tolerances on plate orientation, contouring, etc., usually result 
in a range of several degrees for devices of the same nominal design. If the set 
point of the oven drifts with time, the frequency changes according to the static 
//Tcurve. For example, if the turnover temperature of an AT crystal unit were 
75°C, then a drift of 1°C in either direction would cause a frequency change of 
about 1 x 1CT 8 . However, if the initial setting were 2°C away from the true 
turnover point, then a 1°C drift would cause as much as a 4.4 x 10 ~ 8 change. 

The requirements on dynamic performance of the temperature-control 
system are not as easily specified. In this case, the SC-cut device is much more 
tolerant than the AT-cut resonator, which represents the most significant 
difference between the two types of crystal units. If we are to consider the AT- 
cut device, then empirical data are available to serve as a guide. It was reported 
(Smith and Spencer, 1963) that temperature changes of about 0.5°C within 
several minutes would cause the frequency of a 5.0-MHz fifth-overtone AT-cut 
resonator to be offset about 8 x 10" 9 ; increasing temperature causes the 
frequency to decrease, while decreasing temperature produces an increase in 
frequency. Very little quantitative data is available for very low rates of 
change: however, observation of relatively large frequency transients im- 
mediately following small adjustments of oven temperature have often been 
reported. 
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Certainly, if it is desired to maintain frequency within 5 x 10 _u usingAT- 
cut crystal units, then it will be necessary to require the maximum rate of 
change of oven temperature to be no more than about 10- 4o C/hr. This 
requirement can probably be relaxed between one and two orders of 
magnitude if SC-cut resonators are employed; even so, the residual frequency 
fluctuations observed with most crystal-controlled precision oscillators over 
the time periods ranging from several minutes to several hours may well be 
caused by random fluctuations of oven temperature. 

8.1.3.2 PROPORTIONAL TEMPERATURE-CONTROL 
TECHNIQUE 

From the preceding discussion, we conclude that the ovens used to stabilize 
the temperature of crystal units in precision oscillators must be individually 
adjusted to the turnover temperature of the specific crystal unit used and 
further, they must maintain that temperature with a minimum of fluctuations 
after being adjusted. These requirements can best be satisfied by a pro- 
portional controller, that is, one that supplies power to the oven heater 
continuously at a rate that is just sufficient to maintain constant temperature 
"On-off" types of control, such as bimetallic or mercury-column thermostats 
are not easily adjusted to a particular set point, usually exhibit a drift of sol 
point with time, and always generate appreciable temperature gradients as 
they cycle between their on and off conditions. 

The components used to provide temperature-control circuits sensors 
heating elements, and thermally stabilized enclosures constitute a system and 
must be designed as such. For further discussion on this subject the reader is 
referred to Chapter 9. 

8.1.4 Temperature-Compensation Methods for 
Semiprecision Oscillators 

Requirements for frequency stability better than that achieved by crystal 
units alone can often be met by the use of temperature-compensated crystal- 
controlled oscillators. The temperature-compensated oscillator (TCXO) 
makes use of a thermally controlled reactance connected in series with the 
controlling crystal unit, which tunes the oscillating loop in such a manner as to 
maintain a (nearly) constant frequency as the surrounding temperature 
changes. The techniques employed to accomplish this function are widely 
varied, ranging from the use of negative-coefficient ceramic capacitors as 
combined sensor-variable reactance to highly sophisticated multiple-sensor- 
resistor networks supplying a thermally controlled bias to a varactor diode 
Most recent developments in this area have been directed toward digital 



64 



WARREN L. SMITH 



computation methods for generation of the compensating reactance, although 
nearly all TCXOs manufactured up to the present time make use of some form 
of analog method. . 

The subject of temperature compensation will be discussed in detail in 
Chapter 9: consequently, only a few comments will be made at this point. The 
main advantages of temperature compensation over temperature control 
include reduced power requirements and physical size as well as a minimal 
warm-up time to achieve frequency accuracy. The requirements placed on the 
crystal unit, however, are in many respects much more severe because 
operation over the full ambient temperature range is needed with complete 
absence of spurious frequency deviations from a smooth, predictable function. 
Also, the crystal unit is repeatedly exposed to thermal cycling environments, so 
that nearly perfect retrace is necessary. 

8.1.5 Miniature Integrated-Circuit Oscillators 

The recent rapid growth of data processing, digital communication systems, 
and applications of microprocessor systems has led to a greater demand for 
low-cost, miniature crystal-controlled timing sources of moderate stability 
and precision. These oscillators are usually totally contained in a single, dual- 
in-line package (DIP), operate from standard logic-level 5-V power sources, 
and provide so-called TTL-compatible output waveforms, that is, positive 
pulses of greater than +2.5 V peak amplitude, a minimum level less than 
+ 0 5 V, and a nearly 50% duty cycle at the 1 .4-V level. 

These miniature oscillators generally use one or more silicon integrated 
circuits - a linear amplifier circuit as the oscillator stage and digital circuits for 
additional signal processing, which may be a simple buffer-line driver function 
but can also include frequency division and provision for simultaneous output 
of several submultiple frequencies. The crystal resonator must be of small 
physical size in order to be accommodated by the interior dimension of the 
package AT-cut resonators at frequencies above approximately 6 MHz are 
readily accommodated, and specially designed resonators (beveled, con- 
toured etc ) have been successfully made at frequencies as low as 3 MHz. 
Extensional-mode and width-shear resonators can be used for frequencies 
from about 250 kHz to 1.5 MHz, and flexure-mode resonators of special 
design (X-Ybar, tuning forks, etc.) allow design of miniature oscillators at 
frequencies as low as 20-30 kHz. 

Frequency stability performance of these miniature oscillators depends 
primarily on the f/T characteristics of the resonator used, the initial frequency 
adjustment tolerances, and subsequent frequency aging. All of these variables 
must be considered, since there is usually no way of adjusting frequency after 
the oscillator package is sealed. Fortunately, most data processing timing 
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requirements allow reasonable tolerances. Current commercial products 
usually range from 1 x lO^tol x 10~ 4 as overall frequency accuracy. 

Several different approaches have been used in the design and selection of 
the integrated circuits used in miniature oscillators, although very little design 
information has been published (Embree el ai, 1980; Dubey and Singh, 1974). 
Many designs employ discrete transistor chips together with miniature 
discrete components for the oscillator function and then use available 
synchronous- or ripple-counter frequency dividers, which may be either 
bipolar or MOS circuits. 

In some cases specially designed silicon integrated circuits are used that 
include a linear amplifier and digital shapers and frequency dividers on a single 
silicon chip. This approach greatly simplifies the assembly of the oscillator, 
since the number of interconnections is considerably reduced. 

One technique which has been rather widely used is the use of a logic gate as 
an oscillator stage. Unfortunately, however, logic gates are not usually 
specified for linear operation, so that very wide deviations in their parameters 
must be tolerated. Since the logic gate may be made up of as many as 10 or 
more equivalent transistors with complex interconnections, the transfer phase, 
when biased in the linear operating region, can be far from ideal for an 
oscillator application (Holmbeck, 1977) and can lead to large frequency 
correlation errors or operation on resonator vibrational modes other than 
those intended. 

As applications for miniature oscillators increase, more sophisticated 
integrated-circuit designs can be expected. It is presently within the state of the 
art to generate special circuits that would include voltage-control capability, 
frequency synthesis with programmable dividers and phase-locked loops, and 
even temperature -compensation circuits realized with only a few integrated 
circuits, all housed within the mechanical limitations of the dual-in-line 
miniature package. These circuit techniques, combined with new resonator 
technologies, will provide increasingly sophisticated miniature frequency- 
time sources in the future. 
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a Flicker noise constant (sec'" 1 ) 

<r A Fractional frequency deviation (a; is 

the Allan variance) 
t Group delay (phase slope) of SAW 

device 

,p 0 Transmission phase shift of SAW delay 
line 



(j> e Transmission phase shift for electrical 
components other than SAW device 

(/>, Transmission phase shift for entire 
oscillator circuit (open loop) 

a. Angular frequency (w = 2nf) 

w m Modulation (Fourier) frequency 



8.2 SURFACE- ACOUSTIC-WAVE OSCILLATORS 5 
8.2.1 Introduction 

8.2.1.1 WHAT IS A SAW OSCILLATOR? 

In order to operate correctly, a stable feedback oscillator requires a 
feedback element with a long delay time and proper filtering in the frequency 
domain. In acoustic oscillators the long delay is provided by the propagation 
of acoustic energy in an appropriate medium. Through the proper design of 
the acoustic device, the required filtering is also obtained. The surface- 
acoustic-wave (SAW) oscillator, like the familiar quartz crystal oscillator, uses 
an acoustic device as the feedback element: however, the SAW oscillator uses 
an acoustic mode propagating on the surface of the substrate rather than a 
mode propagating in the bulk of the medium, as in the quartz crystal 
oscillator. The SAW resonator is analogous to the bulk-wave resonator and 
behaves much the same when used in an oscillator. With surface waves, 
however, narrow-band delay lines can also be used as feedback elements in 
oscillators. 

8.2.1.2 WHAT IS THE VALUE OF A SAW OSCILLATOR? 

The advantage of using a SAW delay line or resonator, as opposed to a bulk- 
wave resonator, is that the SAW device is most conveniently fabricated in the 
1 00- M Hz to 2-G Hz range, which is considerably higher than the typical bulk- 
wave resonator. Offering frequency stability similar to quartz crystal oscil- 
lators, the SAW oscillator can be used to reduce multiplier requirements in 
stable high-frequency sources. In certain regions of the noise spectrum, clearly 
superior performance can be obtained; however, the temperature and long- 
term stability of SAW oscillators are generally not as good as those obtained 
with high-quality quartz crystal oscillators. 



Section 8.2 was written by Thomas E. Parker. 
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The high operating frequency of SAW oscillators is in itself of great 
importance, but in addition the planar construction of SAW oscillators and 
the choice of either delay lines or resonators offers a new dimension in 
flexibility to oscillator design. The delay-line oscillator provides a tuning 
capability of up to several tenths of a percentage point while maintaining a 
reasonably large Q value. Delay lines can also be operated in such a manner as 
to provide multiple-frequency operation. Multiple paths on the substrate 
surface have been used to provide a novel means of temperature com- 
pensation, and layers of different materials can be used to alter many device 
properties. 

8.2.1.3 STATE OF THE ART 

The concept of using SAW devices as controlling elements in oscillators was 
first published by Maines and co-workers in 1969, so the technology is very 
young compared with bulk-wave oscillators. At present, most SAW oscillators 
have been produced as research devices, and they are not yet widely available 
on the commercial market. Active areas of research are high frequencies, 
maximizing Q, packaging, aging mechanisms, 1 //'noise, temperature stability, 
vibration and g sensitivity, and circuit design. 

The SAW oscillator appears to have considerable potential, since it nicely 
fills the gap between bulk-wave oscillators and microwave cavity oscillators. 
SAW oscillators are being developed for a number of military applications, 
and many of the initial problems such as long-term stability and frequency 
setting are being reduced or eliminated. 

8.2.2 The Basic SAW Oscillator— A Physical Point of View 

8.2.2.1 CONDITIONS FOR OSCILLATION 

For the feedback oscillator shown in Fig. 8.2-1, there are only two 
conditions required to obtain oscillation. One is that the total phase shift 
around the loop equal a multiple of 2n. The other is that the gain of the 
amplifier exceed the combined loss of the delay element and other circuit 
components such as the output coupler. These conditions must be satisfied 
simultaneously. In terms of oscillator performance, the parameters of the SAW 
device that are the most important are insertion loss and phase slope or group 
delay (t = d<j>/deo). In the next two sections, we shall examine how the 
conditions for oscillation are met for a SAW delay line and a two-port SAW 
resonator. For the most part these conditions will be discussed for the open- 
loop circuit shown in Fig. 8.2-1 b. 
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FIG. 8.2-1 Block diagram of a simple feedback oscillator. (A) Closed loop; (B) open loop. 



8.2.2.2 OSCILLATOR USING A SAW DELAY LINE 

The delay-line oscillator very clearly illustrates how the conditions for 
oscillation are met. For an idealized delay line the transmission phase shift <j> D 
is a function of frequency and can be expressed as 

0 D = -2nfT, (8.2-1) 

where / is the frequency and t the delay time of the delay line. The phase 
condition for oscillation then becomes 



cj) L = 2nN = — 2%fx + <j) e , 



(8.2-2) 
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where </» L is the total phase shift through the circuit in Fig. 8.2-1 b, N an integer, 
and cj) c the sum of all phase shifts due to components other than the delay line. 
Figure 8.2-2b illustrates Eq. (8.2-2). The figure shows that the condition 
0 L = 2nN is met at many frequencies (zero crossings are equivalent to 
multiples of 2k). In fact, the condition is met at frequency intervals equal to 1/t. 
In order to determine which of the many frequencies will oscillate, the 
transducers of the delay line must be designed in such a manner as to provide 
only a narrow passband centered around one of the zero crossings. Typically, 




t = d<£/2irdf 

FIG. 8.2-2 Open-loop gain and phase for an SAW delay-line oscillator. 



this is accomplished by making the length of one of the transducers 
approximately the same as the center-to-center distance between the trans- 
ducers (Crabb et al., 1973). Physical size, design requirements, or both usually 
limit the length, of a transducer to less than 1000 acoustic wavelengths and 
therefore limit the delay length of a single-mode device to approximately the 
same value. 

The minimum insertion loss of the delay line will normally be in the range of 
15 to 20 dB and, of course, must be overcome by the gain of the amplifier. 
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Assuming that the amplifier gain is flat over the frequency range of interest, the 
open-loop gain of the delay line and amplifier will be similar to that shown in 
Fig. 8.2-2a. Note that the gain is positive only over a small frequency range 
that includes only one of the phase zero crossings. The excess open-loop gain is 
typically 2 to 3 dB. Once the loop is closed (Fig. 8.2-la), oscillation starts, and 
the signal amplitude increases until the amplifier saturates and the loop gain is 
reduced to exactly 0 dB. The equilibrium power level of the oscillator is then at 
the 2 3-dB compression point of the amplifier. Furthermore, the bandpass 
filler built into the SAW delay line guarantees that only the desired frequency 
will oscillate. 

The precise frequency of oscillation is determined by Eq. (8.2-2). By 
changing r/; c with a phase shifter or short piece of transmission line, the 
oscillator can be made to operate over nearly the entire range of frequency 
where the open loop gain is positive. Thus, the oscillator can be tuned or 
frequency modulated. Care must be taken, however, that the zero crossing is 
not pushed too far from the point of maximum gain. When the zero crossing at 
which the circuit is oscillating is moved, all of the other zero crossings also 
move. As the frequency of oscillation is moved from the point of maximum 
gain, either the next higher or the next lower zero crossing moves closer to the 
range of positive gain . If the phase shift is too large, the frequency of oscillation 
may actually jump to the next zero crossing. In less extreme cases (i.e., in the 
presence of a zero crossing at a point where the gain is negative, but not by a 
large amount) an increase in oscillator noise may be observed (Browning and 
Lewis, 1 976). If a zero crossing is suppressed by 10 dB, an increase in the noise 
spectrum of not more than 3 dB may be observed at that frequency. 

8.2.2.3 OSCILLATOR USING A SAW RESONATOR 

The delay element in Fig. 8.2-1 can be a SAW resonator as well as a delay 
line. A SAW resonator also provides a large stable group delay and the 
appropriate filtering to ensure stable oscillation. In the following paragraphs 
we shall examine how a two-port SAW resonator meets the conditions for 
oscillation that were stated in Section 8.2.2.1. 

The SAW resonator has many similarities to the bulk -wave resonator, but 
there are also some differences. A major difference is that the cavity on a SAW 
resonator is generally more than 100 wavelenghts long and therefore is 
operating at a" high longitudinal mode. However, the grating is a distributed 
reflector and can provide the necessary frequency selectivity to limit the 
resonance to one longitudinal mode. Unlike the bulk-wave resonator, the 
SAW resonator couples equally well to odd or even modes. For transmission 
through a two-port SAW resonator, there is a 180° phase difference between 
odd or even modes. Figure 8.2-3 shows the open-loop gain and phase shift for 
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i.2-3 Open-loop gain and phase for an SAW Iwo-port resonator oscillat 



a SAW oscillator using a two-port resonator. As before, we shall assume that 
the amplifier gain is flat over the frequency range of interest and that it is large 
enough to provide a positive loop gain of 2 to 3 dB at the point of minimum 
insertion loss of the resonator. An arbitrary phase shift 0 e has been added in 
the loop to bring the phase zero crossing to the frequency of minimum 
insertion loss (0 e is typically about + 70° or - 1 10°, depending on whether the 
resonant mode is odd or even). 

A major difference between the SAW delay line and SAW resonator is the 
relationship between frequency response and phase. With the delay line the 
bandpass is determined by transducer length and finger spacing, while the 
delay (and hence phase shift) is determined by the separation of the two 
transducers. The two can be varied nearly independently of each other. This, 
of course, is not the case with the resonator, which is a highly dispersive device' 
At resonance the insertion loss is at its minimum and the phase slope d<j>/df\s 
at its maximum. If the cavity length is changed, the resonance frequency will 
move. As a result both the insertion-loss and phase curves will be moved along 
the frequency axis by the same amount and maintain the same relative 
relationship. 
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When the loop is closed, oscillation takes place in the same fashion as for the 
delay line. The signal level increases until the amplifier gain saturates and the 
loop gain drops to exactly OdB. A change in (j> e results in a change in the 
frequency of oscillation, but this moves the point of oscillation away from the 
minimum insertion loss and maximum group delay. For a delay line the 3 dB 
bandwidth is approximately equal to 1/t, while for the resonator the 3dB 
bandwidth is equal to \/m. Thus, for equivalent values of group delay x, the 
resonator has about one-third of the tuning range and, of course, the phase is 
not linear with respect to frequency as it is with the delay line. 

A SAW resonator may also be designed with only one interdigital 
transducer: it is then referred to as a one-port resonator. At resonance the 
impedance of this transducer changes rapidly. This change may be used to 
control an oscillator in much the same manner as a bulk-wave resonator. In 
principle, the same oscillator performance can be obtained from either a one- 
or two-port resonator, but the latter seems to be more generally used. 



8.2.3 Frequency Stability 

8.2.3.1 INTRODUCTION 

Of major importance for any oscillator technology is the degree of frequency 
stability that is obtained. In this section we shall discuss or summarize three 
major aspects of frequency stability of SAW oscillators, aspects which have 
been the subject of many investigations. They include short-term stability (or 
noise), temperature stability, and aging. 

8.2.3.2 SHORT-TERM STABILITY 

Following approximately the treatment of Leeson (1970), the single- 
sideband phase-noise spectral density of a feedback oscillator can be written as 



|t = 10 log 



= 10 log 



WJ!L + ^Y4t + A1 (8.2-3) 
,/ oc GFkT a GFkTX] 

N \ -^ + ir^-2 + — + — 5— ' (82 " 4) 

where P sb is the single-sideband noise power in a 1-Hz bandwidth, P c the 
carrier power level at amplifier output, N the frequency multiplication factor, 
G the amplifier gain (x SAW insertion loss), F the amplifier noise figure, /cXthe 
thermal noise (4.00 x 10" 18 mW/Hz), r the group delay (phase slope) of the 
SAW device, m m = 2nf m the modulation (Fourier) frequency, and a the flicker 
noise constant (sec -1 ). (The ratio P sb /P c is given in decibels relative to the 
carrier, dBc.) 
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In Eq. (8.2-3) the terms enclosed in the left-hand set of parentheses represent 
the open-loop phase noise, while the terms enclosed in the right-hand set 
represent the oscillator transfer function when the loop is closed (a phase servo 
with positive feedback). Multiplying the terms in the two sets of parentheses 
gives Eq. (8.2-4), which shows that the noise spectrum has regions of varying 
dependence on co m . 

Close to the carrier (small / m ), the a/co^t 2 term dominates, while far from the 
carrier the GFkT/P c term, which is independent of « m , dominates. Of the two 
middle terms the one that dominates depends on the values of the various 
parameters. In this respect two values of f m are of particular importance. The 
value of/ m when a/co m = GFkT/P c is called the flicker frequency and is equal to 

= <xPJ2nGFkT. (8.2-5) 

The value of f m when 1/w 2 t 2 = 1 is called the oscillator-feedback bandwidth 
frequency and is equal to 

fr = 1/2jtt. (8.2-6) 
For resonators, the relation between group delay and loaded Q, 

Q = nf 0 x, (8.2-7) 

can also be used, where/ 0 is the oscillator frequency, and./; can then be written 
as 

/, =Jo/2Q- (8.2-8) 

When/ t > f a , the \jw 2 m term in Eq. (8.2-4) dominates. If/ t <j x , then the l/co m 
term dominates. 

Figure 8.2-4 shows typical phase-noise spectra for 300- and 400-MHz 
resonator and delay-line SAW oscillators (Parker, 1977b). For most delay 
lines/ t > f x and therefore there is no region of l/tw m dependence. The equation 
for the phase-noise spectral density of delay lines reduces to 



^lOlogjw 2 



GFkT 



(8.2-9) 



The noise curve for the resonator looks very similar except that it is lower 
because of its lower insertion loss and larger value of t (higher Q value). In 
general, resonators provide a higher group delay than delay lines up to about 
1 GHz. Therefore, in applications where frequency tuning or modulation is 
not required, resonators usually give the best short-term stability. 
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FIG. 8.2-4 Single-sideband phase-noise spectral density for a 400-MHz delay-line oscillator 
and a 3 10-MHz two-port resonator oscillator. (Values in the figure are given in decibels relative to 
the carrier, dBc.) The appropriate device parameters are the following: for the 400-MHz delay-line 
oscillator, N = 1, G = 160 (22 dB), F = 4 (6dB), P c = 20mW (+13dBm), t = 2.0usec, and 
a = 2.5 x 1 0 " 1 1 sec " 1 : for the 310-MHz resonator oscillator, N = 1, G = 15.8 (12 dB), F = 4 
(6dB), P c = 20 mW (+13 dBm), x = 8.0usec, a = 6.0 x 10 -15 sec -1 , and t„ = 1.3 usee. 

The close-to-carrier region of the curve (slope = l// m 3 ) requires special 
comment, since it involves the so-called 1//, or flicker, noise. For delay lines the 
SAW device has been identified as the dominant source of flicker noise (Parker, 
1979b). Thus, the value of the constant a is determined by the SAW device and 
must be measured experimentally. Since a is not a design parameter but is 
related to fabrication variables, it can be controlled to some extent by surface 
treatments. For delay lines, values of a have been found to range from about 
6 x 10' 13 to 2 x 1(T 10 sec' 1 . 

For resonators, the dominant source of 1// noise may be either the SAW 
device or the amplifiers. If the SAW device is the dominant source, the first 
term in Eq. (8.2-3) becomes T 2 oe/££(X> m , where ( R is the cavity length (in seconds) 
of the resonator (Parker, 1979). As a result,/, becomes 



t 2 , InGFkT ' 



(8.2-10) 



If / > then Eq. (8.2-3) reduces to 



^ ~ 10 log] N 2 



/ GFkT 



+ 1 



(8.2-11) 
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The significance of the SAW being the source of 1// noise is that the close-to- 
carrier noise no longer depends on x and therefore is independent of the loaded 
Q. As with delay lines, a is an empirical constant that must be measured. If the 
amplifier is the dominant source of 1 //"noise, then in a resonator oscillator Eq. 
(8.2-3) holds as its stands (Penavaire et al, 1980). For / >/, the result for 
resonators is the same as Eq. (8.2-4). If f t </, then the equation becomes 



a I 1 \ GFkT 



(8.2-12) 



In cases when the SAW resonator was identified as the source of 1 //noise, 
values of a ranging from 6 x 10~ 15 to2 x 10~ 13 have been observed. When 
the amplifiers were the source of 1// noise, the values of a range from 1 x 1 0 " 1 2 
to 1 x 10"". 

In addition to the phase-noise spectral density discussed above, another 
common way of specifying short-term frequency stability is the fractional 
frequency deviation <r A , which is derived from the Allan variance. Without 
going into details, values of <j A for delay-line oscillators range from 7 x 10" 11 
to 1 x 10" 8 for gate times of 0.01 to 10 sec. For resonator oscillators values of 
rj A range from 2 x 10"" to 3 x 10" 10 . 



8.2.3.3 TEMPERATURE STABILITY 

The temperature stability of the frequency of SAW-controlled oscillators is 
mainly determined by the material on which the SAW device is fabricated. As 
discussed in Volume 1, Chapter 2, Section 2.3.4, the most commonly used 
material is ST-cut quartz, which has a parabolic temperature dependence 
similar to that of BT-cut bulk-wave resonators. The electronic components of 
an oscillator tend to shift the turnover point to lower temperatures, but this 
can be corrected by slight changes in cut angle. Other newly discovered 
surface-wave cuts of quartz offer somewhat better temperature stability than 
ST-cut quartz (Williams et al, 1980; Browning and Lewis, 1978a), but none 
has yet been discovered that is equivalent to the AT-cut bulk-wave resonator. 
A layered structure of SiO z on (YZ) LiTaO s (Parker and Wichansky, 1979) 
does offer such temperature stability, but a severe problem with long-term 
stability has not yet been eliminated. 

In the absence of materials with improved temperature stability, various 
compensation techniques have been used to demonstrate temperature stabil- 
ity equivalent to- that of AT-cut quartz (Lewis, 1979). Compensated oscillators 
using voltage-controlled phase shifters and thermistors have been tested 
(Kinsman, 1978; Lee, 1979). A novel technique using two different prop- 
agation paths on a single substrate has also been used for temperature 
compensation (Browning and Lewis, 1978b). 



76 



THOMAS E. PARKER 



8.2.3.4 LONG-TERM STABILITY— AGING 

As with temperature stability, the long-term stability of a SAW oscillator is 
primarily determined by the stability of the SAW device. This topic was 
discussed in Volume 1 , Chapter 6, Section 6.3 and so will not be covered here in 
detail. Aging is the subject of a number of investigations and substantial 
improvement has been made over the last few years. At this time research 
devices are showing aging rates as low as a few tenths of a part per million per 
year, with aging rates of an average device on the order of 1 to 2 ppm per year 
(Parker, 1980). Improvements to date have been gained primarily through the 
use of better packaging techniques. As greater understanding of specific aging 
mechanisms is gained, it will be reasonable to expect further improvement. 



8.2.4 Multifrequency Oscillators 

Up to this point the discussion has been confined to single-frequency 
oscillators: however, the great flexibility in designing SAW devices has led to 
the development of several designs for multiple-frequency SAW oscillators. 
One scheme, described by Gilden et al. (1975), uses a wideband SAW delay line 
and a nonlinear element in the oscillator loop to generate a comb of 
frequencies via a circulating pulse. An oscillator operating at 300 MHz has 
generated a comb of more than ten frequencies (Gilden, 1977) and has been 
stabilized by injection locking. A similar wideband delay line has been used in 
a circuit without the nonlinear element to produce a cw oscillator that can be 
made to hop to any of a large number of oscillator modes (Browning et a/., 
1975). The advantage of such operation is to provide a wide tuning range 
simultaneously with a long delay time. An oscillator operating from 54 MHz 
to 92 MHz in steps of 435 kHz (t = 2.3 usee) has been demonstrated (Bale et 
al., 1975). One disadvantage of this technique is that when the oscillator is 
operating at one mode, noise spikes appear at the frequencies of the other 
modes (Browning and Lewis, 1976). By using two separate acoustic paths of 
different lengths, these spurious noise spikes can be suppressed. Such an 
oscillator still provides a wide frequency range of oscillations along with a 
large delay time. An oscillator operating at 155 MHz with an effective group 
delay of 5 usee has demonstrated eleven distinct frequencies spaced at 100- 
kHz intervals (Parker and Sage, 1976). 

Multiple-frequency operation is not confined totally to delay lines. Since the 
SAW resonator operates at a high longitudinal mode, it is easy to design a 
device with more than one resonance simply by increasing the length of the 
cavity. In the most useful configuration, the device has just two resonances. 
The principle of multiple-frequency operation is most easily illustrated for a 
two-port resonator. Figure 8.2-5 shows that, in transmission, a two-port 
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FIG. 8.2-5 Open-loop gain and phase for a two-port resonator oscillator having two 
resonances. 



resonator has a 180° phase difference between the two resonances. Inserting 
either a +90' or a — 90" phase shift in the loop circuit produces oscillation at 
either resonance. The unused resonance causes virtually no degradation in 
oscillator noise level. 



8.2.5 Electronic Amplifiers and Other External Components 

Because of the relatively high insertion loss (~ 20 dB) and short delay time 
(<2usec) of typical SAW delay lines, highly stable commercial wideband 
amplifiers have generally been used in delay-line oscillators. These amplifiers 
offer high gain but still have a very small group delay, which is ideal for 
minimizing the- contribution of electronic components to the total group 
delay. When voltage control of the frequency is required for modulation or 
temperature compensation, an electronic phase shifter can be used. Both 
commercial phase shifters and custom-designed circuits using varactor diodes 
have been used. 
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One disadvantage of wideband commercial amplifiers is that they are very 
inefficient (typically less than 2% dc-to-rf efficiency). Amplifiers designed 
around silicon and GaAs dual-gate FETs (Leja and Parker, 1979) have shown 
substantially higher efficiency (9% and 40%, respectively). One problem 
encountered with the GaAs FETs was their very high 1// noise levels, which 
substantially degraded the short-term frequency stability of the oscillator. 

The lower insertion loss and more convenient impedance levels of SAW 
resonators has made amplifier design for resonator oscillators considerably 
easier. In some cases wideband commercial amplifiers have been used but, as 
mentioned, they are very inefficient and also relatively expensive. For these 
reasons many people have designed their own one-transistor amplifiers with 
equally good success (Dolochycki et al, 1979). It must be kept in mind, 
however, that the Q value of SAW delay lines or resonators is considerably less 
than that of low-frequency bulk-wave quartz crystal resonators, and therefore 
the stability of electronic circuit components has a proportionally larger 
influence on overall oscillator stability. 

8.2.6 Advantages and Disadvantages of SAW Oscillators 

The main reason for interest in SAW-controlled oscillators is the high 
frequency range (100 MHz to 2 GHz) in which they operate. They can be 
considered for all applications where the final frequency is above the normal 
range of bulk-wave devices. The use of SAW oscillators reduces the need for 
multiplication and the associated filtering and amplification. 

With regard to short-term stability, a SAW oscillator offers some definte 
advantages. For noise sidebands that are more than 1-10 kHz from the 
carrier, the SAW oscillator offers considerably better performance than a 
multiplied bulk-wave oscillator. Only close to the carrier does the higher Q 
value of bulk-wave devices offer low noise levels, even after multiplication. 

For other aspects of frequency stability, the performance of SAW oscillators 
is somewhat less than that of quartz crystal oscillators. For temperature 
stability the typical SAW oscillator is similar to BT-cut quartz; as yet, there is 
no equivalent to AT-cut quartz. The long-term stability of SAW oscillators has 
improved considerably over the last few years and is now running around 
1 ppm/yr for laboratory models. However, there remains considerable 
improvement to be made before SAWs can compete with the best quartz 
crystal resonators. Other aspects of frequency stability, such as sensitivity to 
vibration and acceleration, are just now coming under investigation. Little 
data exists at this time and some of it is contradictory. However, the author 
has observed (Parker and Callerame, 1981) that with proper mounting of the 
substrate, vibration sensitivity comparable to that of AT-cut quartz can be 
obtained with ST-cut substrates. 
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8.2.7 Conclusion 

The technology of SAW oscillators is still very young when compared with 
that of bulk-wave devices. Nevertheless, there is considerable potential for 
SAW oscillators in many high-frequency applications where frequency 
stability requirements are not extremely tight. In certain portions of the noise 
spectrum, SAW oscillators have demonstrated a definite performance advan- 
tage, and further advances in other aspects of frequency stability will continue 
to increase their usefulness. SAW oscillators will not replace quartz crystal 
resonators in low-frequency applications, nor microwave cavities at very high 
frequencies, but a UHF technology that offers moderate Q values and stability 
similar to that of quartz crystals Can fill the gap advantageously. 
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8.3 QUARTZ FREQUENCY STANDARDS AND CLOCKS- 
FREQUENCY STANDARDS IN GENERAL 8 

Precision quartz-crystal-controlled oscillators have long filled a vital need 
as frequency standards and clocks throughout the electronics industry. They 
are not absolute standards of frequency: their frequency of operation can be 
adjusted over at least narrow ranges with ease and they are subject to more or 
less long-term drift (aging). However, they can be manufactured over a 

: 

! 

; 8 Section 8.3 was written by Warren L. Smith. 
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rcaltively wide range of frequencies and can therefore be designed and 
calibrated to produce very precisely a particular reference frequency signal 
without further processing. In concept and in realization, the electronic 
circuits required are relatively simple, resulting in operational frequency 
standards of excellent reliability and dependability. 

Early crystal-controlled reference standards were designed using crystal 
units in the frequency range of about 50 to 100 kHz, usually X-cut or GT-cut 
resonators. However, development of the thickness-shear AT-cut overtone- 
mode crystal resonators resulted in considerable improvement in performance 
(Warner, 1960). Oscillators designed to use fifth-overtone AT-cut crystal units 
operating in the frequency range from 2.5 to 10 MHz became the accepted 
standard reference frequency sources (Gerber and Sykes, 1966). At the present 
time, overtone-mode AT-cut crystal units operating in carefully designed and 
adjusted oscillators can provide frequency drift rates of a few parts times 
10" 12 day 1 and can exhibit short-term stability of better than 1 x 10 11 
for averaging times as short as one second. 

Recent work has been directed toward the design of improved crystal 
resonators. The SC cut, a doubly rotated thickness-shear resonator, has been 
shown to be much less sensitive to both thermal environment and mechanical 
disturbances than the AT cut. The stability of oscillators using SC-cut 
resonators has been reported to be better than that achieved with AT-type 
crystal control. 

Considerable success has also been reported when "electrodeless" crystal 
resonators are used to control the frequency of precision oscillators. For these 
devices excitation fields are established by means of electrodes placed near, but 
not on, the surfaces of contoured, precision overtone-mode resonators. By 
also making the mounting structures from crystalline quartz of the same 
orientation, thermal stresses are minimized. Removal of the metal electrodes 
from the vibrating system improves its quality factor as well as eliminates the 
possibility of frequency changes due to electrode film-stress relaxation and 
intermetallic diffusions (Besson et ai, 1980). 

The frequency stability achieved by crystal-controlled precision oscillators 
certainly depends in large part on the stability characteristics of the controlling 
resonator. However, in order to achieve this stability, the mechanical, 
electrical, and thermal design of the oscillator must be optimized for the 
particular type of resonator used. This section will deal in general with some of 
the methods for minimizing the effects of temperature, electrical disturbances, 
and component instabilities on the performance of the completed oscillator. 

8.3.1 Design Considerations 

The choice of resonator type, circuit operating point, and crystal oven 
design nil depend ™ the specific intended application. If long-term stability 
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(frequency agmg) is the principal objective, for example, the circuit parameters 
should be chosen to drive the crystal unit at a very low level and the ovens 
designed to assure the best long-term temperature stability. For best short- 
term stability (lowest phase noise), however, considerably higher crystal drive 
current would be indicated as well as good isolation from any mechanical 
disturbances. Some of the trade-offs that can be made are discussed in the 
following paragraphs. 

8.3.1.1 CHOICE OF RESONATOR 

The crystal resonator to be used in a precision oscillator should provide a 
high mechanical quality factor Q, exhibit minimum sensitivity of frequency to 
small changes in drive level, be insensitive to mechanical disturbances, and 
have near-zero frequency vs. temperature characteristics at the temperature of 
operation. In addition, it must exhibit minimum long-term frequency aging. 
Overtone-mode AT-cut crystal units operating at frequencies in the range 
from about 2.5 to 10 MHz, designed to have a turnover temperature in the 
range from 60 to 80°C, are capable of providing good performance with most 
commercial precision oscillators. The AT-cut crystal is generally operated on 
its fifth overtone in order to realize Q values near the intrinsic material 
limitations and still permit sufficient frequency adjustment in the oscillator 
circuit to allow compensation for manufacturing tolerances as well as expected 
frequency aging over an extended operational life. 

Generally, realizable Q values are inversely dependent on frequency, 
ranging from about 5 x 10 6 at2.5 MHztoabout 1 x 10 6 at 10 MHz: however, 
much larger plates are required at lower frequencies, and the commonly used 
5-MHz frequency region represents a practical compromise. 

Recent work with doubly rotated Y cuts, such as the SC cut and FC cut, has 
demonstrated that these resonators are capable of providing oscillators 
having better performance than the AT-cut crystals. However, at the present 
time these units are not as readily available and are considerably more costly. 
These doubly rotated resonators are capable of somewhat higher Q values 
than the AT cut and can also be designed to have considerably reduced 
frequency vs. temperature characteristics at normal oven operating tempera- 
tures. Also, they show much lower transient frequency perturbations when 
subjected to small temperature fluctuation, so that the stability required of the 
crystal oven for a given frequency tolerance is somewhat reduced. 

The frequency-adjustment range of the doubly rotated crystals is smaller 
than that of the singly rotated AT types because of the reduced value of the 
piezoelectric coupling coefficients. In some applications this may be a critical 
factor: in any case, it requires that a closer finished-frequency tolerance be 
specified. For example, a 5-MHz fifth-overtone AT-cut crystal can be specified 
to an initial tolerance of about +1 x 10" 6 and still allow a using oscillator to 
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be adjusted precisely to specified frequency over a 20-year lifetime. This 
tolerance may be reduced by a factor of two or more if the crystal is a doubly 
rotated SC cut. 

8.3.1.2 OSCILLATOR-CIRCUIT CONSIDERATIONS 

In order to realize the best possible frequency stability, it is essential that the 
sustaining circuit used for the precision oscillator have as little influence on the 
operating frequency as possible. Since the oscillator frequency is determined 
by the loop phase condition, this implies the following objectives. 

( 1 ) The slope of the transfer phase versus frequency characteristic of the 
sustaining circuit should be as small as possible over a frequency range near 
the operating frequency. 

(2) The transfer phase of the circuit should be essentially independent of 
supply voltage, ambient temperature, and mechanical disturbances. 

(3) The circuit should introduce as little excess noise as possible. 

(4) The circuit should introduce as little resistive loading into the crystal 
feedback network as possible in order to realize the maximum phase slope of 
the frequency-controlling resonator. 

To assure oscillation at the desired overtone mode of the crystal unit, the 
circuit must also be arranged to prevent the possibility of operation at lower 
overtone modes, since the crystal unit may well exhibit lower resistance at 
these lower-frequency modes. Use of a narrow-band circuit can suppress the 
available gain at these lower frequencies, or a crystal feedback network can be 
used that does not provide the required phase shift at the lower frequencies. 
Usually, the latter approach results in a lower phase-slope value for the 
sustaining circuit and provides the better choice. 

One commonly used circuit configuration is the modified Pierce circuit 
shown in Fig. 8.3-1 . In order to provide the required loop-phase closure, the 
feedback network must exhibit a phase shift of nearly 180°. This can only 
occur when the shunt impedance from point 1 to ground is a capacitive 
reactance, so that oscillation will only occur at some frequency above the 
parallel resonance of the L 2 -C 2 tank circuit. Consequently, the values for L 2 
and C 2 are chosen to provide the desired value of negative reactance at the 
operating frequency and to be resonant between the operating frequency and 
the next lower crystal mode (i.e., for fifth-overtone 5-MHz crystal operation, 
the resonance of L 2 C 2 must lie between 3 and 5 MHz). In the interest of 
minimizing the phase slope of the network, this resonance should be set only 
slightly above the next lower crystal mode. 

Other possible circuit configurations are shown in Fig. 8.3-2. In Fig. 8.3-2a, 
L 2 is chosen such that the combination of crystal unit and load capacitor C L 
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FIG. 8.3-1 Pierce-type oscillator circuit modified for overtone-mode crystal operation. 





(b) 

FIG. 8.3-2 Some alternate arrangements for overtone-mode crystal operation: (a) use of a 
shunt resistor to suppress oscillation at lower crystal modes: (b) use of a tuned, common-base 
amplifier for overtone-mode operation. 
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operates very near series resonance. At lower crystal modes, however, a 
considerable effective inductance will be required between points 1 and 3. The 
resistance /? s is then chosen to suppress oscillation at the lower frequency, but 
it has little effect at the operating frequency. In Fig. 8.3-2b, the resonant 
collector-tank circuit provides a narrow-band gain characteristic, so that the 
available gain at the lower frequencies is insufficient to sustain oscillation. 
Both of these networks, however, are more sensitive to the value of the 
inductive element and also introduce more resistive loading than the network 
of Fig. 8.3-1. The configuration of Fig. 8.3-2b, however, is useful when the 
ratio of signal power to wideband noise is critical, since it provides a much 
higher output level for the same crystal drive current than can be realized by 
the other networks discussed. Phase-fluctuation noise within one or two 
bandwidths of the feedback network, however, may be enhanced due to the 
reduction of the effective feed back -network Q value, so this advantage really 
exists only for those applications, such as communication systems, where 
wideband additive noise is of importance. 

To protect the oscillator circuit from the effects of external loading and to 
provide useful output power levels, buffer amplifiers are required following the 
oscillator stage. These amplifiers should be designed to minimize their 
contributions to both phase fluctuations and additive noise and to provide 
good isolation. These attributes are usually accomplished through the use of 
considerable negative-feedback factors. 

Since crystal resonators exhibit frequency change with variations in drive 
current, some form of automatic level control (ALC) of the oscillator stage is 
required. Ideally, this ALC function should influence only the transfer gain of 
the sustaining circuit, without affecting the transfer phase. In actuality, this 




FIG 8.3-3 Application of ALC to a modified Pierce crystal-controlled oscillator. 
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condition can never be perfectly satisfied: however, the use of a variable 
resistive element, such as the field-effect device introduced into the emitter 
circuit of the configuration in Fig. 8.3-3, is generally superior to methods 
based on variable-bias current control, since both the transfer phase and noise 
figure of the transistor stage are quite sensitive to bias current. The stability of 
the ALC circuitry is also of vital concern and usually requires the use of 
negative feedback in any amplifier stages used in the circuit. Care in the design 
of the low-pass networks required must also be exercised. 

A typical arrangement of a complete oscillator circuit for use with a 5-MHz 
fifth-overtone AT-cut precision resonator is shown in Fig. 8.3-4. This circuit 
uses two broadband buffer amplifiers, with the drive for the ALC provided by 
the first buffer. Gain control of the oscillator stage is accomplished by use of 
the variable-resistance characteristic of the field-effect transistor (FET) as a 
.legative-feedback resistor in the emitter of the oscillator stage. Some voltage 
delay in the ALC is provided by the forward-breakdown voltage of the rectifier 
diodes at its input. Additional delay can easily be provided by addition of a 
reverse-polarity voltage introduced in series with the diodes or by a pre-bias 
cutoff voltage incorporated in the ALC amplifier. 

It is important that the oscillator stage be biased to operate in a very linear 




FIG. 8.3-4 Schematic of a modified Pierce 5-MHz oscillator circuit with electronic frequency 
control and output buffer amplifiers. 
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region to reduce the amount of phase modulation of the signal caused by low- 
frequency noise currents. Also, the first stage of the buffer amplifier should be 
carefully selected to reduce wideband additive noise. 

The use of varactor-diode frequency adjustment is quite common in 
precision oscillators. This eliminates the need for mechanical access through 
the oven shells and also allows use of electronic frequency control to permit 
phase locking to a reference signal or remote control of system frequency. Care 
must be taken in the selection of these devices, however, to ensure that they do 
not add phase- and frequency-modulation noise. The reverse leakage current 
of a varactor is inherently noisy and thus produces a noise-voltage component 
superimposed on the frequency-control voltage. Varactors chosen should 
exhibit low values of leakage current at the oven operating temperature, and 
the effective resistance of the biasing circuit should be kept as low as possible. 
For the same reason, it is necessary to avoid noise signals being introduced via 
the tuning-voltage circuits themselves. Typical tuning sensitivity obtained 
with a 30-pF nominal-value hyper-abrupt junction varactor used with a 5th- 
overtone 5-MHz AT-cut resonator is about 3 x 1CT 7 per volt. Simple 
arithmetic shows that voltage variation of a few microvolts, then, can cause 
frequency fluctuation of 1 x 10" 12 or more. 

High-quality, on-board regulation circuits to stabilize the dc supply 
voltages for all of the rf circuits are also good practice, since in use, voltage 
supplies are often found to be influenced by other equipment having both 
long-term variations and transient voltages present. 

8.3.1.3 TEMPERATURE-CONTROL REQUIREMENTS 

The quartz crystal unit is usually operated at a temperature very near its 
turnover point, that is, the temperature at which the first derivative of its 
frequency vs. temperature characteristic is zero. This, of course, implies that it 
is placed in some kind of thermally controlled environment. The other 
components on the oscillator circuit are also temperature sensitive to some 
degree; thus, the entire circuit should be maintained at a stable, fixed 
temperature. Consequently, the thermal and mechanical design of the 
stabilizing oven structures, as well as the electrical design of the electronic 
control circuits required to maintain the interior temperature, are of major 
importance. 

Two methods are commonly used to provide thermal isolation of the 
stabilized region from ambient conditions. One method is the use of a Dewar 
vacuum-insulated structure made of stainless steel shells, while the other is the 
use of rigid expanded-foam material to support one metallic shell within an 
outer enclosure. The vacuum-barrier method, in principle, provides superior 
insulation and requires less total space for the oscillator. The vacuum 
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structures, however, are susceptible to long-term degradation due to small 
leaks and/or outgassing of the materials. The urethane foam materials, on the 
other hand, have been shown to have excellent long-term stability. In addition, 
they provide excellent mechanical support for the interior structure. 

The quartz crystal itself imposes the most stringent requirements for 
temperature stabilization. An overtone-mode AT-cut crystal unit, for exam- 
ple, exhibits a frequency offset on the order of 1 x 10" 9 when exposed to a 
transient temperature ramp of about 0.01°C/hr; thus, the crystal oven must 
maintain steady temperature environments with deviation rates no more than 
abou t 1 0 " 5 °C/hr if frequency deviations are to be kept below 1 x 1 0 " 1 2 . The 
SC cut is much less sensitive to thermal variations, but tolerances on the 
orientation angles of the plate make it difficult to assure better than a ten- or 
twenty-fold improvement, thus relaxing the requirement to perhaps about 
10 4o C/hr. Circuit-element stability, however, can be maintained with a 
temperature stability on the order of 0.1°C, providing reasonable care is taken 
in the selction of components. 

These requirements, then, dictate that, if a single-stage oven system is used 
to control the environment of the entire oscillator, it is essential that the crystal 
unit be tightly coupled to the temperature control. Even with very-high-gain 
control circuits, it becomes difficult to maintain the required stability in a 
single-stage device, since stabilization ratios in excess of 10 5 are required. It is 
generally much easier to obtain the needed stability if only the crystal unit, or 
at most, the rf circuits, are included within an inner-oven enclosure. This inner 
oven, together with voltage regulators, temperature control circuits, and 
power output stages, is then housed in an outer-oven structure, as shown 
symbolically in Fig. 8.3-5. This approach requires more space' and more 
power, but leads to improved performance with less "fine tuning" of the 
thermal structure and temperature-control circuits. For example, a stabili- 
zation ratio of only 500 for the outer oven will result in maintaining a 
temperature stability of 0.1°C in the outer chamber. Then, it is quite 
reasonable to achieve a stabilization ratio in excess of 1000 for the inner oven, 
thus providing temperature stability better than 10~ 4o C for the inner oven for 
an ambient temperature range of -10 to 50°C. Depending on the thermal 
design of the structure and the total power dissipation, it may be necessary to 
control the outer chamber at least 10 to 15°C above the maximum ambient 
temperature. Similarly, if the rf circuits are included in the inner chamber, it 
must operate some 10°C or more above the temperature of the outer chamber. 
Consequently, if ambient temperatures as high as 50°C are expected, the 
crystal unit must be designed to operate at a temperature above about 75°C. 

The temperature-control circuits used in precision oscillators must, of 
course, be of the proportional type, and they are generally based on a 
resistance bridge circuit having temperature-sensitive elements in one or two 
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FIG. 8.3-5 Arrangement of circuit modules to provide near-optimum stabilization of 
frequency with wide variations in both ambient temperature and supply voltage. 



of the bridge arms. Either dc or low-frequency ac excitation voltages may be 
applied to the bridge, and high-gain feedback-stabilized amplifiers sense the 
unbalance of the bridge circuit and provide heater power proportional to the 
unbalance. The gain of such a system must be finite, but can be very high. To 
avoid hunting (thermal oscillation) of the system, it is necessary to obtain very 
close coupling and rapid response time between heater and sensor as well as to 
limit the maximum rate of change of temperature of the controlled cavity by 
limiting the available power and using a structure for the chamber that has a 
large heat capacity. The permissible thermal insulation between ambient and 
the outer chamber is determined by the power dissipation within the outer 
chamber and the allowable temperature difference between the maximum 
ambient temperature and the outer chamber set point (some power must 
always be provided by the heating element). If only the crystal unit is 
contained in the inner chamber, then the thermal insulation between it and the 
outer chamber is limited only by the available space. When active circuits are 
included in the inner chamber, then the same conditions must be satisfied as 
for the outer chamber, although the temperature difference is well established 
by the set point of the outer chamber and the turning-point temperatu re of the 
crystal unit. 

8.3.1.4 MINIMIZING AMBIENT MECHANICAL EFFECTS 

All crystal-controlled oscillators are subject to frequency perturbations 
caused by mechanical shock and vibration. AT-cut overtone resonators of 
plano-convex design show acceleration coefficients on the order of 1 x \0~ 9 /g 
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for acceleration applied normal to the plane of the plate and varying 
coefficients for accelerations in the plane of the plate, depending on the 
direction of the applied acceleration and the type of mounting system used. 
These coefficients can be reduced significantly for some doubly rotated 
orientations; however, some acceleration-induced frequency changes will still 
be present (Bloch and Vulcan, 1976). 

The response of the electrical circuits to mechanical disturbances can be 
minimized by careful mechanical design of circuit boards, oven structures, etc. 
When applications imply particularly severe mechanical stresses, special 
techniques have been found useful. For example, when high linear acceleration 
is expected, such as during the launching of spacecraft, the crystal unit may be 
carefully positioned to place the expected acceleration vector in the plane of 
the plate and very near one of the zero-coefficient axes. If severe vibrational 
environments are expected, energy-absorbing damping materials may be used 
to isolate the crystal oven chamber from high-frequency vibrations. In normal 
laboratory environments, vibration isolators and shock-absorbing mountings 
can be used to reduce the effects of building vibrations or vibrations produced 
by rotating machinery. 



8.3.2 Measurement and Specification of Frequency Stability 

The stability (or more correctly, instability) of the frequency of a signal refers 
to the deviation of that frequency from a constant value. Precision crystal- 
controlled oscillators generally produce a signal whose frequency drifts, or 
changes, slowly and monotonically with time. Usually measured over periods 
of days or months, this gradual change is commonly called frequency aging or 
long-term frequency stability. Alternatively, if the duration of each successive 
period of the signal could be measured with perfect precision, it would be 
observed that these durations would differ from each other by small, more or 
less random amounts. Such deviations, measured over sample intervals 
ranging from a single period to hundreds of seconds, are commonly referred to 
as short-term frequency stability. The precise sample interval marking the 
boundary between short- and long-term measurements is quite vague, thus 
requiring more specific definition in particular applications. 

8.3.2.1 MEASUREMENT OF FREQUENCY 

In order to determine the deviations of frequency from a constant value, it is 
implied that a perfectly constant reference is available. Assuming for' the 
moment that such a reference were available, then there are basically two 
methods that are commonly used to measure the frequency of a source under 
test. 
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The first method makes use of the frequency reference to generate a precisely 
known time interval (gate time), and then the number of periods of the test 
source occurring in this time interval are counted electronically. Dividing the 
number of occurrences by the known gate time provides the average frequency 
for that sample time. However, since the reference signal and the test signal are 
uncorrelated, the best precision that can be obtained corresponds to a 
deviation of plus or minus one occurrence during the observation. This means, 
for example, that a 10-MHz source measured in this way during a precise 1-sec 
gating interval could be measured to a precision of +1 Hz, or +1 x 1CT 7 . 

Alternatively, it is possible to let the test signal establish the gate time while 
the reference frequency periods are counted. In this way the duration of one 
period (or more) of the test frequency is determined to a resolution of ± 1 
period of the reference. Some commercial counters now available utilize a 
500-MHz reference in this mode of operation, allowing measurement of time 
intervals to a resolution of + 2 x 10" 9 sec. Even this mode, however, enables a 
precision of only ±2 x 10~ 9 for 1-sec sample intervals. 

In order to improve the resolution of frequency measurement, then, 
additional signal-processing techniques must be employed. One commonly 
used technique is the beat-frequency method, in which a small difference 
frequency is provided between the reference signal and the test-source signal: a 
mixer is used to detect this difference frequency (commonly set to a value of 
100 Hz or less). The difference frequency is then measured using the reciprocal- 
frequency, or period, method of measurement, as shown in Fig. 8.3-6. The 
output of the mixer then consists of 

<//= </i -/o) + A/V), 

which contains the total frequency deviation between the two signals in 
addition to the difference between the two nominal frequencies. The signal df 
can now be measured to a precision of ±2 x 10" 9 in 1 sec; however, if the 
nominal value of/, -/„ is only 100 Hz, the resolution is ±2 x 10 7 Hz. 
Consequently, deviations in the /, signal of ±2 x 10" 7 Hz with respect to the 
reference /„ are resolved. If the nominal value of/ is 10 MHz, the fractional 
resolution is (+2 x 10" 7 )/10 7 = +2 x 10" 14 in 1 sec or +2 x 10" 12 in 
10 msec. In this way frequency fluctuations between even the best of crystal- 
controlled oscillators can easily be resolved with only limited frequency 
multiplication required. 

When the two signals to be compared have precisely the same frequency, a 
slightly different technique is appropriate, as described by Saxena and Mathur 
(1980). This dual-mixer technique introduces the use of a third signal source 
(which need not have as good stability as the sources being compared) and two 
separate mixers to generate two channels with the same nominal frequency, as 

kptu/ppn thp two channels 

M1UW11 111 1 Ig- U.-J- ( . LAWYVWVW, ll,v J/.iH^ ■ 



8 PRECISION OSCILLATORS 



91 



REFERENCE 
OSCILLATOR 



OSCILLATOR 
UNDER TEST 



f 0+ Af 



LOW - PASS 
FILTER 


f 0' 

-Af 



PERIOD 
COUNTER 





COMPUTER 



FIG. 8.3-6 Use of a period counter and an offset reference frequency source for the 
measurement of frequency and frequency fluctuations. 
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FIG. 8.3-7 The dual-channel time-difference method of measuring frequency fluctuations 
between two oscillators having exactly the samp mpan fi-f»nin»nr«v 
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can be related to the frequency deviations between the two signal sources. It 
has been reported (Saxena and Mathur, 1980) that residual measurement- 
system noise is lower for this method than for those previously described. A 
second benefit is that measurements are made without dead-time, so no 
corrections need be made to the data (Barnes et ai, 1971). 

Another technique that has been used for improving the sensitivity of 
frequency measurement is shown in Fig. 8.3-8. This method makes use of 
extensive frequency multiplication and mixing to produce an output signal at 
the same frequency as the test signal but with an increased frequency-error 
component. However, the repeated multiplication is a probable source of 
added noise, and the method is probably not capable of as low a measurement- 
system noise contribution as those previously described. 

The above are some of the more commonly used techniques for making 
high-resolution measurements of frequency differences between two signal 
sources of the same (or nearly the same) frequency. We have referred to one 
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FIG. 8.3-8 Principle of the frequency-deviation multiplier method of increasing the 
sensitivity of frequency measurement. 
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source as a "reference;" in actuality, when dealing with precision oscillators 
the two sources will often be of like stability, and we are really determining the 
relative deviations between the two. For measurements having very long 
sample intervals (hours or days), an atomic source (cesium-beam standard 
hydrogen maser, etc.) may be used as an essentially zero-drift reference or local 
quartz references may be calibrated to one of several broadcast signals thus 
providing an essentially drift-free reference for long-term measurements'. For 
short-term measurements (sample intervals of 100 seconds or less), however 
precision quartz sources provide exceptional stability and can really only be 
compared to one another. 

8.3.2.2 INTERPRETATION OF FREQUENCY 
MEASUREMENTS 

Having obtained measurements over some span of observation of the 
frequency deviation between an oscillator signal and a reference, some analysis 
of the data is required in order to describe the oscillator's performance. This is 
usually done by determining its aging, or long-term frequency drift, and by 
reporting the results of some kind of statistical analysis of the set of measured 
data. 

The long-term-drift characteristic is commonly expressed as an expected 
change of the "average'" frequency in fractional parts per day (or week) For 
this determination quite long sample intervals (100-1000 sec) are usually used 
and the daily value assigned to the frequency is the mean of the values 
observed during that day. In its usual meaning, then, aging of a crystal 
oscillator is more precisely the change in its mean observed frequency per unit 
of time (rate of change of the mean). Analysis of data resulting from short-term 
measurements of frequency deviation is not so simply described. A consider- 
able amount of work has been done in this area (Barnes et ai, 1971 ; Cutler and 
Searle, 1966: Rutman, 1978; Saxena and Mathur, 1980). 

8.3.2.3 MEASURES OF SHORT-TERM FREQUENCY 
STABILITY (TIME DOMAIN) 

In many applications of crystal-controlled oscillators (as well as other 
precision frequency generators), the fluctuation of frequency from its average 
value is of more use when expressed in terms of its time and time-average 
characteristics rather than in terms of its Fourier-frequency characteristics. 

The fundamental time-domain definition of short-term frequency stability is 
based on the two-sample variance of the average relative deviation of the 
instantaneous frequency: 



*> 2 W = <%Y l+1 - F,) 2 >, 



(8.3-1) 
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where a 2 {x) is the two-sample variance of the frequency deviations for a 
sampling interval t, < > indicates an average calculated for an infinite number 
of measurements, and t is the sampling period over which the average relative 
deviation of the instantaneous frequency Y k is obtained. The successive 
measurements of Y k shall be obtained without dead-time between 
measurements. 

For the different kinds of noise that can disturb an oscillator, it has been 
shown that the relative uncertainty of the variance value calculated from a 
finite number of measurements is of the form 

A{a 2 )/<J 2 = CJM for M > 10, 

where M is the total number of measurements of Y k used for the calculation 
and C x a coefficient depending on the type of noise (C a < 1). The variance is 
then defined by 

1 M-l 

a](M, 2, i, t) = <x 2 (t) = — — - I [F^ - Y k f, (8.3-2) 

with 

A(a 2 )/cr 2 = CJM. 

At present, there are thought to be five independent noise processes that can 
disturb an oscillator. For these types of noise, the coefficient C„ is as follows. 



Noise 


c. 


Random-walk-frequency noise 


0.75 


Frequency-scintillation noise 


0.77 


Frequency white noise 


0.87 


Phase-scintillation noise 


0.99 


Phase white noise 


0.99 



The average relative deviation of instantaneous frequency is the summation 
over the time x of the relative deviation of instantaneous frequency: 

Y k = Y(t)dt. 

Therefore, 

y^,J-J' k ' T y^dt = -J r (Y, k+T -Y <k ). (8.3-3) 
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The two-sample variance without dead-time for M measurements can then be 
written as 



0 2 (x) = <r 2 (M, 2, T, T) 



1 



2(M - 1) (27t/oT) 2 ~ 
M — 1 



>; t+ i) -(>; t + r - YJY-. (8.3-4) 



i~i LV ', k + 1 +T 
k = 1 

The expression "without dead-time" means that 

f *+l =t k + T. 

Further, the phase fluctuation Y(x) can be replaced by the total phase 0(t) 
because the phase components 2ti/ 0 t can be removed, and therefore 



1 



2(M - 1) (2tt/ 0 t) 2 

M~ 1 



(</>„ 



(8.3-5) 



The time-domain representation of short-term frequency stability commonly 
consists of (he curve o y (x) =f(r), where a y {x) is the square root of the two- 
sample variance defined above. 

It has been found that there are five independent noise processes that can 
usually be found to closely approximate the experimental short-term stability 
measured for an oscillator. These noise processes are characterized in the 
frequency domain by power spectral-density functions having integer- 
exponent dependence on the Fourier frequency: 



->0 a = - 2 



(8.3-6) 



where S y (f) is the power spectral density of frequency noise, S^f) the power 
spectral density of phase noise, h x the coefficient of the noise process 
represented by the frequency dependence and a an integer exponent of the 
Fourier frequency /. Whenever the power spectral density of the noise 
spectrum can be adequately represented by a linear combination of power 
terms [as in Eq. (8.3-6)], the time-domain variance function can be written in 
the form 



tr } 2 (2,T,T) = a 2 (x) = h„ 2 



4n 2 t 



4n 2 x 2 



h/ I _ 1 [21n2] + h 0 - 
\J2x 

[1.038 + 31n(27t/ h T)] + h, 



4tiV 



.3-7) 



96 



WARREN L. SMITH 



where the /;'s are Ihe coefficients of the different noise processes as defined 
above. 

According to the two relations (8.3-6) and (8.3-7), the conversion of the 
measurements for each of the five noise processes from the frequency domain 
to the time domain and conversely can be made on the assumption that 

2nf h x > 1 and 0 </<./„ 

by the coefficients in Table 8.3-1 . It is noted that the two frequency-domain 
functions h 2 f 2 and /?, / give rise to the same slope for the a y {r) function; one 
must resort to frequency-domain measurements to discriminate between 
them. 

Figure 8.3-9 shows the slopes of the (j y (z) function resulting from each of the 
noise types. In actual data more than one process is usually present, although 
frequently a single process is found to dominate in a particular range of z. 
Figure 8.3-10 is a plot of measured values of ff(r)for a pair of precision 5-MHz 
oscillators. 

The above discussion has been based on the assumption that the time- 
domain measurements are made without dead-time. In practice, this is not 
always possible to achieve. However, measured data may be corrected for 

TABLE 8.3-1 

Conversion of Power-Law Spectral-Density Processes between the Time Domain and the 
Frequency Domain" 



Time domain Frequency domain 

Noise 

process fi <tJ(t) ot SJif) 



Frequency random walk 


i /trj 2 s,.<n]T 


_ 2 




Frequency scintillation 


0 B[/S,.(/)] 


-1 


D 


White frequency 


-1 C[S y (/)]r-' 


0 




Phase scintillation 


-2 D[r'S v (/)]r- 2 


I 


^F 2 a 2 (T)]./ 


White phase 


-2 £[.r 2 S v (/)]T- 2 


2 


vF^Ml/ 2 



" r is the sampling tune, / is the Fourier frequency. /,, is the system cutoff frequency. A = 47r';6. 
H = 2 In 2. ( = I 2. I) = [ I.0.1S + 3 ln(27r/„r)] 4;t : . and E = 3/„ 4jt. 
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FIG. 8.3-9 Characteristic o/t plots corresponding to the five common power-law noise 
processes: A, white phase noise and phase scintillation noise, slope = — 1 : B, white frequency 
noise, slope = -1/2: C, frequency scintillation noise, slope = 0: D. random walk of frequency 
slope = 1/2. ' 



dead-time as described in NBS Technical Note 375 (Barnes, 1969) The 
corrected value is obtained by dividing the measured value by a constant 
obtained from the tables: 

af,(M, 2, t, t) = o)(M, 2, 7, z)/B 2 (r, y), 

where T is the time between the start of successive samples, r the sample 
averaging time, r = T/r, and » = -(« + l), « being the exponent of the 
predominant noise power law (except that /< = -2 when a = 2). 
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io- l3 L 1 1 | | | I 

°- 001 o.oi 0.1 I 10 ,00 i> 00 
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FIG. 8.3-10 Typical short-term stability performance of a precision crystal-controlled 
oscillator. 
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Values of #,(/% /() for some commonly encountered values of r and //, where 

t 1 +i[2(r)" + 2 -(/-+l)" + 2 -(r-l)* +2 ] 
B 2 ir,,) = ~- 2(. - 2") 

are given in Table 8.3-2. 



TABLE 8.3-2 



Values of 1 


3 2 (r. /() Pre 


qucntly Encountered 






I' 




r = T/t 






1.00 


1.01 


1.10 


2.0 


1 


1 .000 


1.020 


1.2100 


4.0000 


1 


1 .000 


1.015 


1.1500 


2.5000 


0 


1 .000 


1.010 


1.0890 


1.5660 


- 1 


1.000 


1.000 


1.000 


1.0000 


..- ? 


1.000 


0.6667 


0.6667 


0.6667 
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A Cross-sectional area of thermal path 
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b Number of bits 

B Exponential temperature coefficient of thermistor 

c Specific heat in joules per degree Celsius per gram 
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/ Frequency in hertz 

4/ Frequency deviation from nominal value in hertz 

(4/Z0 m Maximum frequency excursion of crystal over temperature range 

/ Length of thermal path 

m Oven mass in grams 

P Power loss in watts 

R cq Equivalent thermal resistance of crystal mount in degrees Celsius per watt 

R ih(T) Thermistor resistance at absolute temperature Tin kelvins 
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s 


Slope of crystal curve 


T 


Temperature in degrees C elsius or kelvins. as specified 


T 0 


Reference temperature in degrees Celsius for crystal equation 


T 9 


Turning-point temperature of crystal 


AT 


Temperature difference between crystal oven and ambient temperature 


W 


f hernial mass in joules per degree Celsius 


Kci 


Voltage reference for thermistor bridge 


P 


Exponential temperature coefficient 


"o 


Reference angle for a specific crystal type 




Emissivity of surface 


AW 


Crystal angle of cut in degrees from the angle producing a zero slope at the reference 




temperature T 0 


/ 


Thermal conductivity of wire or insulation 


(7 


Stefan Boltzmann constant = 0.56687 x 1CT 7 W/m 2 ■ K 4 



Temperature control and temperature compensation are the two primary 
means by which the frequency stability of a crystal oscillator can be improved 
over a temperature range. Without one of these techniques the frequency 
stability is generally limited to about ±1 ppm over a limited temperature 
range (0-50°C) and perhaps +15 ppm from -55 to 105°C. Temperature 
control results in the highest stability: however, there are many applications 
where temperature compensation has been used to great advantage, partic- 
ularly in communications equipment, where the requirements are often 
in the 0.5 -5-ppm frequency-stability range. Temperature compensation can 
be used to achieve stabilities approaching ±5 x 1(T 8 , as demonstrated by 
Buroker and Frerking (1973) and Mroch and Hykes (1976). As the require- 
ments approach these values, however, the compensation becomes difficult 
and the use of temperature control may result in a more economical design. 
Temperature control has several disadvantages that make it unsuitable for 
some applications, and the choice of which technique to use must often be 
determined by the constraints of the application. 

The primary disadvantages of temperature-controlled oscillators are the 
following. 

(1) A relatively large volume is required because of the thermal insulation. 

(2) An initial stabilization period is required after turn-on while the oven 
warms up. 

(3) The power consumption, particularly at cold temperatures, is higher 
than for temperature-compensated oscillators due to the thermal loss. 

(4) The reliability of the components in the oven may be reduced in 
applications that require the oscillator to be turned on and off at frequent 
intervals. 

(5) Operation of the oven at elevated temperatures tends to accelerate the 
aging rate of the crystal. 
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Various degrees of temperature control have been used in different 
applications. At one end of the spectrum only the crystal is placed in the oven 
with the oscillator exposed to the external ambient temperature. The higher- 
precision standards require both the oscillator and the crystal to be in the 
controlled environment. Double-oven arrangements have also been used in 
ultraprecision applications in which one oven is placed within the other. These 
variations ^are discussed further in Section 9.1. A frequency stability of 
±1 x 10 8 is typical for a single-oven frequency standard over a wide 
temperature range, while stabilities of parts per 10'° have been achieved with 
double ovens. 



9.1 TEMPERATURE CONTROL 

Temperature control of a crystal oscillator is nearly always accomplished by 
placing the unit in an oven. The oven temperature is set above the highest 
ambient temperature, and a control circuit is provided to hold the temperature 
constant. The temperature is selected or adjusted to be near a turning point of 
the crystal, where the slope of the frequency vs. temperature curve is nearly 
zero. The crystal curve can be described by an equation of the form 

Af/f= A,(T- T 0 ) + A 2 (T- T 0 ) 2 + A 3 (T- T 0 )\ (9-1) 

where T 0 is an arbitrarily chosen reference temperature, usually selected to be 
in the 20 to 30°C range, and A u A 2 , and A, are constants for a given angle of 
cut and a given reference temperature T 0 . 

Table 9-1 lists the coefficients as a function of the angle AO, measured in 
degrees from the angle 0 o producing a zero slope at the reference temperature, 
for AT-, FC-, IT-, and SC-cut resonators. The reference temperature was 
chosen to be 25°C. Curves are shown for AT-cut resonators in Fig 2 2-4 
(Volume 1). S ' ' 

TABLE 9-1 



Coefficients of Eq. (9-1) for Various Quartz Crystal Cuts" 





Reference 




















angle 
















Inflection 


Cut 


0« 


■4i 


( o C -l 


) 


A 2 (°C 


- 2 ) 


A S (°C- 3 ) 




temperature 


AT 


35.25° 


. -5.08 


x 10" 


6 A8 


-0.45 x 


io-" 


108.6 x 10" 


12 


26.4°C 


FC 


34.33° 


-4.32 


x 10" 


6 AO 


-5.55 x 


w-" 


82.2 x 10" 


12 


47.5°C 


IT 


34.08° 


-3.98 


x 10" 


6 AB 


-10.1 x 


io-« 


68.4 x 10 - 


12 


74.2°C 


SC 


33.93° 


-3.78 


x 10" 


"A6 


- 12.3 x 


10" 9 


58.2 x 10" 


12 


95.4°C 



" Data from Ballato ( 1 977). 
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Equation (9-1) can also be used to determine the degree of temperature 
control required for a given frequency stability. Unfortunately, AT-cut 
resonators are extremely sensitive to temperature gradients, and small 
differences in temperature between the crystal pins or between the pins 
and the holder can completely overshadow the frequency behavior in the 
region around the turning point. Doubly rotated crystals are less sensitive to 
gradients than AT-cut resonators and consequently exhibit superior per- 
formance in a crystal oven. 

As previously indicated, it is desirable to set the oven temperature to the 
turning point of the crystal where it has a zero slope. This may not always be 
practical in production, and it is interesting to calculate the slope of the crystal 
as a function of temperature offset from the actual turning-point temperature. 
This can be accomplished by differentiating Eq. (9-1) to determine the slope. 
By setting the slope equal to zero at the turning-point temperature T p , one can 
solve for the coefficient A l . Substituting this value into the equation for the 
slope gives 

S = 2A 2 (T- T p ) + 3A,[_(T 2 - T p 2 ) - 2T 0 (T- T p )], (9-2) 

where S is the slope of the curve. 7' the temperature in degrees Celsius. T p the 
turning-point temperature in degrees Celsius, and T 0 the reference tempera- 
ture used in determining the coefficients A 2 and A 3 (25°C for Table 9-1). 

Figure 9-1 is a plot of Eq. (9-2) in the vicinity of the turning point for various 
crystal cuts with 85°C turning points. From the graph it is obvious that the 
doubly rotated resonators require a lesser degree of temperature control than 
AT-cut resonators. It cannot be overemphasized, however, that small 
temperature gradients across the crystal, which may change with the ambient 
temperature, can completely mask the effect illustrated in Fig. 9-1. Similar 
curves can be plotted for other turning-point temperatures using Eq. (9-2). 

The temperature control resulting from a single oven is usually in the 0.5 to 
0.01°C range for units operating over wide ambient temperatures. Improved 
temperature control can be achieved by using a double oven, that is, a second 
oven within the first. Ideally, two independent control circuits are used for the 
inner and outer ovens, and temperature stabilities in the 0.001 to 0.0001°C 
range are possible. A considerable improvement over a single oven is also 
possible by using a single control circuit with two ovens. Both the inner-oven 
heater and the outer-oven heater are controlled by the same sensor. The 
improvement here results primarily because of a reduction in the temperature 
gradients in the inner oven. 

A typical crystal-oven control circuit is shown in Fig. 9-2. The fast warm-up 
heaters are optional. Initially, at turn-on, the oven is cold and the thermistor 
R lh has a high resistance given by 

RJT) = R, h (T 0 ) exp j8(1/T - 1/T 0 ), (9-3) 
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where i?, h (T 0 ) is the thermistor resistance at the reference temperature T 0 
normally chosen to be 298 K (25°C), Tthe thermistor temperature in kelvins', 
and P the exponential temperature coefficient. 

The voltage V i is initially high and causes the amplifier to supply power to 
the oven. As the oven warms up, the thermistor resistance decreases until the 
voltage V l approaches the reference voltage V nf . When this occurs, the 
amplifier output V 2 decreases, causing a reduction in the heat produced in R 1 . 
An equilibrium is reached when the voltage K, is just sufficiently above V f so 
that the heater power equals the thermal loss. The gain of the amplifier 
determines how large the voltage offset will be. If the ambient temperature 
changes so that the heat loss increases or decreases, a corresponding oven 
temperature change will result. The oven temperature change results in a 
change m the thermistor resistance R th , which in turn causes V 1 to vary and 
readjust the heater power to correct for the temperature error. Obviously V x 
must stabilize at a slightly different voltage than the initial value to produce a 
different heater power. The amount of change is a function of the gain of the 
amplifier. It is not difficult to calculate the gain necessary to achieve a given 
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FIG. 9-2 Block diagram of temperature-control circuit for a crystal oven. 



degree of temperature control at the thermistor. It is simply necessary to 
determine the required voltage change across the heater as the ambient 
temperature varies and divide this by the voltage change in V 1 caused by the 
allowable temperature variation at the thermistor. The feedback network for 
the amplifier is designed to provide the required value of gain. It is highly 
desirable to connect the reference voltage-divider to the same voltage source 
used by the sensor network. This results in the common-mode rejection of the 
amplifier, reducing the voltage-regulation requirements of the control circuit. 
In some applications it may be desirable to design the feedback network with a 
capacitor, so that the amplifier becomes an integrator (Hamatsuki el ai, 1973). 
This gives essentially infinite gain at dc. 

A serious degradation in temperature control may result in practice because 
of various thermal considerations, and several of the more troublesome of 
these are enumerated below. It is of utmost importance that the oven 
temperature be uniform. Not only does this minimize the temperature 
gradients across the crystal, but it also ensures that the thermistor, which 
contacts the oven at only one point, will sense the true crystal temperature. A 
good design also assures that the thermistor and all lead wires to or from the 
oven are adequately heat-sinked to the oven enclosure. 

Another important aspect of the design is the selection of a suitable location 
for the heater and the thermistor on the oven. It is desirable to distribute the 
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heater resistance over the oven surface in such a way that the heat is applied 
proportionately to the thermal loss. In practice this is never achieved perfectly, 
and some temperature gradient will be present across the oven. The sensor 
location is selected so that it sees the same average temperature as the crystal. 
Additionally, the sensor must be closely coupled to the heater or a thermal 
oscillation will occur, resulting in poor short-term frequency stability. 

In many applications, particularly those of higher precision, the resistor fi 3 
will be located within the oven enclosure to eliminate the effects associated 
with its temperature coefficient. The differential dc amplifier may be placed in 
the oven as well; this involves trade-offs of increased stability vs. oven volume. 
A technique using a dual-mode oscillator with a single crystal serving as its 
own temperature sensor has also been reported (Kusters et ai, 1978) and may 
ultimately overcome some of these difficulties. 

In many designs it is possible to eliminate the heater resistor R 1 and allow 
the output stage of the oven amplifier to perform the function of the heater. A 
more uniform heat distribution can be obtained by using two power 
transistors, one on each side of the oven (Burgoon and Wilson, 1979). Some 
form of current limiting is normally required to protect the heater transistors 
during warm-up. One method is to place a small resistor in series with the 
power transistor. An operational amplifier or a transistor can be used to sense 
the voltage across the resistor. If this voltage exceeds a predetermined 
threshold, the protective device reduces the drive power to the heater 
transistor. 

The use of power transistors for the heater improves the efficiency of the 
oven circuit, since nearly all of the input power is then used to heat the oven. 
The technique has the disadvantage, however, that the heat is not uniformly 
applied to the oven, and a more massive oven enclosure may be required to 
minimize temperature gradients. 

9.1.1 Thermal Loss 

The input power required by a temperature-controlled oscillator is largely 
the result of thermal loss, and consequently most designs tend to minimize this 
quantity. Even in applications where the power consumption is unimportant, 
it is desirable to control the heat loss, since it affects the temperature gradients 
across the oven and also determines the size of the control amplifier. Precision 
crystal oscillators tend to employ foam insulation or a Dewar flask to 
minimize the heat loss. Foam insulation has the advantage of being more 
rugged and lower in cost; however, the heat loss is significantly greater and the 
size of the final package is larger. A Dewar flask, on the other hand, minimizes 
the thermal loss but must be carefully mounted in high-vibration or shock 
environments. It also tends to require a round oven design, which may be less 
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convenient to manufacture. The input power for a foam-insulated oven may 
typically run from 5 to 10 W at the cold temperature extremes in military 

equipment, while that for a unit using a small Dewar flask may be in the 1-W 
range. The approximate heat loss for a crystal oven with foam insulation can 
be calculated using the formula 

P = IA AT/ 1 (9-4) 

on each of the six surfaces and for each of the wires going into the oven . Here I 
is the thermal conductivity of the wires or insulation, A the cross-secttional 
area for the volume under consideration, / the length of the thermal path, that 
is, the wire length or insulation thickness, and AT the difference between oven 
and ambient temperatures. 

The approximate heat loss for a Dewar flask can be calculated from the 
dimensions if the thermal properties of the materials are known. Figure 9-3 
shows the cross-sectional view of a typical unit. The heat loss results primarily 
from conduction along the inner glass wall of length l 2 and diameter d { , from 
radiation loss across the vacuum, from loss in the foam cork, and from loss in 
the connecting wires. The conductive losses can be computed using Eq. (9-4) 
with the proper thermal conductivity for the materials used. The radiation loss 
can be computed using 

P = az,A(T* - T Q 4 ), (9-5) 

where P is the thermal radiation loss in watts, a the Stefan -Boltzmann 
constant = 0.56687 x 10" 7 W/nr • K*,A the total surface area of outer glass 
in the vicinity of the oscillator assembly, £, the total emissivity factor, given by 

e, = (i/8 I + i/« 0 -T)' (9 " 6) 

fi; the emissivity of the silvered inner glass, £ 0 the emissivity of the silvered outer 
glass (fii = £ 0 = 0.01-0.02 for deposited silver), and 7; and T 0 the temperature 
of the inner and outer glass, respectively, in kelvins. 




FIG. 9-3 Cross-sectional view of a Dewar-flask insulated oven. 
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9.1.2 Warm-Up Considerations 

The stabilization time required by a temperature-controlled crystal oscil- 
lator may vary greatly depending on the type of design and the requirements of 
the application. Warm-up periods of 15 to 30min are not uncommon for 
precision crystal oscillators, although when requirements dictate much 
shorter intervals can be achieved. A considerable amount of work has been 
done to achieve fast warm-up, and stabilization periods of 2 to 5 mm have been 
achieved for frequency stabilities within a few parts per 10 8 . 

Many factors enter into the warm-up time for a precision oscillator The 
first consideration is to produce enough heat in the oven to raise the 
temperature of the associated mass from the ambient temperature to the oven 
operating temperature. This, unfortunately, is only part of the requirement 
An equally important consideration, particularly with ultrafast warm-up is to 
develop an oven and heater design so that the residual temperature gradients 
equalize quickly after the warm-up power is cut off. Finally, the crystal design 
must be such that internal stress in the quartz blank resulting from minute 
temperature gradients will not cause transient frequency excursions beyond 
the specification limit . AT-cut crystals are particularly susceptible to tempera- 
ture transients and are generally not used in applications requiring the fastest 
warm-up. Here the doubly rotated crystals exhibit superior performance, and 
the closer one comes to the angle for an SC-cut crystal (he better the 
performance. The crystal mount obviously influences the behavior of the unit 
as well, and a relatively massive mount is desirable. 

The time required to heat the crystal blank to the oven temperature can be 
approximately calculated using the equivalent circuit of Fig. 9-4 Here the 
heater is represented by a current source of P joules per second (watts)- W 0 is 
the thermal mass of the oven in joules per degree Celsius given by W 0 = mc 
where m is the oven mass and c the average specific heat of the oven ■ W is the 
thermal mass of the crystal blank itself; and R eq represents the thermal 
resistance of the crystal mount in degrees Celsius per watt R consists 
primarily of the supports in the crystal holder given by R h = l/XA, where / is 
the length of the supports, A the cross-sectional area, and k the thermal 
conductivity. The equivalent thermal resistance of the quartz blank must be 
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FIG. 9-4 Approximate equivalent circuit of crystal in oven. 
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added to R h to find the value of tf cq . This is difficult to calculate accurately, 
and in practice it may be easier to measure the time constant of the crystal or 
an indentically constructed AC-cut crystal. 

9.2 TEMPERATURE COMPENSATION 

Many applications exist for crystal oscillators which require greater 
stability over the operating-temperature range than can be achieved with an 
uncompensated crystal exposed to the ambient temperature, but where it is 
desirable to overcome the disadvantages associated with temperature control. 
This can often be accomplished by using temperature compensation to 
stabilize the frequency of the oscillator. Frequency stabilities in the parts- 
per-10 7 range have been achieved over wide temperature ranges using this 
technique and about ±5 x 1(T 8 over limited or controlled temperature 
ranges (Buroker and Frerking, 1973; Kusters et ai, 1978). 

Work is continuing on temperature-compensated crystal oscillator (TCXO) 
development at the time of this writing both to reduce the compensation effort 
for precision units and also to improve the accuracy of compensation. 

A considerable number of techniques for temperature compensation have 
been proposed, with varying degrees of success. One of the earliest was to 
apply physical force to the crystal to correct its frequency using one or more 
bimetal supports (Gerber and Miles, 1961). Another method uses several 
crystals in parallel with different turning-point temperatures to improve the 
resultant temperature coefficient (Hirama, 1972). Capacitors shunted by 
thermistors have also been used in series with the crystal to achieve 
compensation. The most widely used technique, and the one producing the 
best stability over a wide temperature range, is that of electrical compensation. 

Electrical temperature compensation of a crystal oscillator is accomplished 
by placing a voltage-variable capacitor (varactor) in the oscillator and pulling 
the frequency by precisely the amount, but in the opposite direction, that it 
drifts due to temperature. Much of the initial work using this technique was 
performed by Newell at Collins Radio during the early 1960s. Following the 
initial investigation, a practical three-thermistor network, tracking the crystal 
temperature coefficient (TC) from - 55 to 75°C, was derived by Broadhead 
and Hykes, and this network is still used in many present-day TCXOs (Hykes 
and Newell, 1961). Newell continued working on TCXOs and developed a 
segmented approach that eased some of the tracking problem but required 
many components (Newell and Hinnah, 1969). As work continued, digital 
approaches were developed to achieve true segmentation of the network. One 
of the most interesting approaches uses a hybrid analog-digital scheme in 
which a coarse analog compensation network is used to reduce the frequency 
excursion to less than 1 ppm and a digital fine-correction system is then used 
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to correct the remaining TC (Buroker and Frerking, 1973). A purely digital 
approach was nearly simultaneously worked out as well (Prak and Peduto 
1972). Subsequent development has been accomplished using microcom- 
puters to produce the compensation voltage (Frerking, 1978: Onoe et al 
1978). A technique using two crystal modes simultaneously, one as the 
temperature sensor, has been reported to have a potential stability perform- 
ance in the parts-per-10 8 -10 9 region (Kusters et al., 1978). Work has also 
continued with analog compensation, and a two-varactor approach was 
developed to linearize the voltage required around the crystal turning point 
(Schodowski, 1970). A great deal of unpublished work was performed during 
this period to develop proprietory networks for the various crystal-oscillator 
manufacturers. 

An overview of electrical temperature compensation is presented below and 
will allow the reader to grasp the fundamental concepts of the various 
techniques. For more detailed design information, the reader is directed to a 
book covering this specific subject (Frerking, 1978, especially Chapter 10) 



9.2.1 Analog Temperature Compensation 

A very large number of TCXOs have been manufactured using analog 
compensation, and at the time of this writing analog techniques dominate 
1CXO production. A diagram depicting this approach is shown in Fig 9-5 

A considerable variety of thermistor-network configurations have been 
used to produce the required compensation voltage as a function of 
temperature, primarily for AT-cut resonators with curves as shown in Fig 
2.2-4 (Volume 1 ). A typical network is shown in Fig. 9-6. This network is well 
suited for crystals with 30-35-ppm frequency excursions between the turning 
points. The thermistor values are chosen so that at cold temperatures R T2 and 
R T3 are effectively open circuits, and the compensation voltage V 0 is 
determined by R 2 and R T1 . In the room-temperature region, R T1 is an effective 
short, while R T3 is still essentially an open circuit. The behavior is then 
determined by R T2 and R t . Finally, at high temperatures R T2 and R Tl are 
effective shorts, and the behavior is most strongly influenced by R 3 and R T3 A 
considerable degree of independence is thus achieved in designing the network 
to cover a wide temperature range. 
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FIG. 9-5 An analog- compensated TCXO. 
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FIG. 9-6 A three-thermistor temperature-compensation network. 



9.2.2 Digital Temperature Compensation 

Another approach to temperature compensation involves the use of digital 
compensation. A block diagram showing the basic configuration is presented 
in Fig. 9-7. The temperature sensor develops an approximately linear voltage 
as a function of temperature. The voltage is converted to a digital word in the 
A/D converter. The digital temperature word is then used as an address for the 
programable read-only memory (PROM). A specific ambient temperature 
thus results in a specific address to the PROM. The PROM is preprogrammed 
so that the cell -being addressed at any temperature contains the correction 
voltage required at that temperature. The digital output of the PROM is then 
converted to an analog voltage in the D/A converter and applied to the 
varactor in the oscillator circuit. It can be shown that the minimum memory 
size required to achieve a given frequency stability occurs if the number of bits 
h in the correction words satisfies the relationship (Frerking, 1978, p. 156) 

2b _ (A/7/U1 +b\n2) 

2(4/7/) ' ( ' 

Then the number of memory locations (words) required is given by 

ST 

where S is the maximum frequency vs. temperature slope of the crystal in parts 
per million per degree Celsius. T the total temperature range in Celsius de- 
grees over which the oscillator must operate, (Af/f) m the maximum peak-to- 
peak frequency excursion of the crystal in parts per million, and A/// the 
desired frequency stability in parts per million. 
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FIG. 9-7 Block diagram of a digital compensation network. 
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9.2.3 Microprocessor Temperature Compensation 
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10.1 CONCEPTS, DESIGN, AND PERFORMANCE 

1 0.1 . 1 Historical Perspective 

Atomic and molecular beam physics, which began with the experiment of 
O. Stern and W. Gerlach ,n 1921, is the foundation of today's atomic time 
and frequency standards. I. I. Rabt's (1937) idea to use an oscillator-driven 
magnetic field to induce transitions led to successful atomic beam resonance 
experiments by J. Zacharias, P. Kusch, J. M. B. Kellog and N Ramsev 
between 1938^ 

strikingly similar to these first atomic beam devices 

The idea of atomic clocks, that is, clocks based on natural resonance 
phenomena ,n atoms and molecules, was actively studied after World War II 
when the necessary microwave technology became widely available. At that 
time accuracies ,n the 10--10-" range were predicted. For the first time , 
appeared possible to build a clock better than the rotating earth. Working 
experimental devices based on the ammonia molecule and the cesium atom 
were built and tried. 

In the mid-1950s it was experimentally shown that cesium devices were 
ndeed usable as clocks surpassing the performance of astronomical clocks 
(Essen and Parry, 1956). This ultimately led to an international agreement 
and the redefinition of the second as the duration of 9,192,631,770 periods of 
the radiation corresponding to the transition between the two hyperfine levels 
of the ground state of the cesium-133 atom. The first quantum electronic 
oscillator was the ammonia maser, built in 1954 by E. Gordon, H. Zeiger and 

C. Townes It was relegated to a place in history by the atomic hydrogen 
maser, built and operated for the first time in 1960 by M. Goldenberg 

D. Kleppner, and N. Ramsey. ueiioerg, 

Other atoms than ammonia, cesium, and hydrogen and techniques different 
than atomic beams have had an impact on the development of atomic clocks 
Optical pumping, developed by A. Kastler in 1950, led to the development of 
the rubidium gas-cell frequency standard. The resonances of cesium rubid- 
ium, and hydrogen in the microwave region have dominated the atomic 
tunc and frequency standard field since they matured in the 1960s In fact 
rubidium and cesium standards have now been commercially available for 
two decades (Hellwig, 1975; Ramsey, 1972, and have undergone nlerous 
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improvements and refinements. The 1960s saw refinements in atomic clock 
design and the use of atomic clocks in many scientific applications and in 
metrology, including the generation of time on a worldwide basis. The 1970s 
were characterized by fundamental physical and design breakthroughs and 
the beginning of large-scale system use of atomic time and frequency standards 
reaching far beyond scientific studies, making possible today's communication 
and navigation systems. 



10.1.2 Concept of an Atomic Resonator 

An atomic time and frequency standard consists of three elements: the 
external interfaces, the electronic systems, and the atomic resonator. The 
atomic resonator is the heart of the atomic standard and serves the same 
function as the pendulum in a mechanical clock, with one most fundamental 
difference: the' atomic resonance frequency itself is determined by nature; it 
will not drift, nor will it age according to all of our present experimental and 
theoretical knowledge. Furthermore, all atoms of a given elemental type are 
the same; thus, atoms operating in a frequency standard today will give 
precisely the same performance as atoms to be used tomorrow. A standard 
built independently from another standard will show the same characteristics 
and the same frequency as its predecessors or as standards in different 
locations. Atomic clocks feature an a priori accuracy; therefore, atomic clocks 
and frequency standards are often called primary standards. 

The frequency of the emitted or absorbed radiation is related to the energy 
difference between the two atomic energy levels being used. In the three alkali 
atoms which are most prominently in use today (as they have been for several 
decades), hydrogen, rubidium, and cesium, the magnetic hyperfine transition 
in the ground state ( 2 S, 2 ) is being used. Table 10-1 shows a summary of these 
three standards and their characteristic frequencies. The transitions occur 
between energy levels that are created by the spin-spin interaction between the 
atomic nucleus and the outer electron in the ground state of the atom. As such, 
the separation of the two energy levels, that is, the transition frequency, is a 
function of the magnetic field. This dependency is described by the Breit-Rabi 
equation (Ramsey, 1956), 

11/2 



— AW AW 
f.mr = 2(2/ + ^ + HodimpBo ± -y- 



1+ 4W 



(2/ + 1) 



(10-1) 



where AW is the hyperfine separation in zero field (AW= hv R ) between 
the states F = 1 + j and F = I — \, x the magnetic field parameter 
(g, — g,)fi 0 B„fAW. ft 0 the Bohr magneton, h Planck's constant, v„ = AW/h 
the resonance frequency, / the quantum number of the nuclear spin, m F the 
quantum number characterizing the orientation in the magnetic field, and g t 
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TABLE 10-1 

Summary of the Most Widely Used Atoms in Atomic Clocks 





Atomic 


Nuclear 




Atom 


mass 


spin 


Vr (Hz) 


Hydrogen (H) 


1 


1/2 


1,420,405,752 


Rubidium (Rb) 


87 


3/2 


6,834,682,608 


Cesium (Cs) 


133 


7/2 


9,192,631,770 



and gj the g factors and m, and m } the magnetic quantum numbers of the 
nucleus and electron, respectively. Transitions follow the quantum mechani- 
cal selection rules of AF = 0, ± 1 ; Am F = 0, ±1. Since minimizing magnetic 
perturbations is essential for high-performance clock operations, the clock 
transition is characterized by AF = 1 , Am F = 0. (This transition is sometimes 
called the sigma transition and the Am F = +1 transitions are called n 
transitions, but these names are not in accordance with the normal desig- 
nations of atomic physics.) 

There are two consequences that result from the fact that magnetic dipole 
transitions are used: the first relates to the sensitivity of the transition 
frequency with respect to the magnetic field in which the atom is imbedded ; the 
second is the fact that forces are exerted on atoms in an inhomogeneous 
magnetic field. We shall discuss both of these effects in more detail later. In 
order to define the precise resonance frequency, the external magnetic field has 
to be well defined and must usually be kept constant. This necessitates 
magnetic shielding, which is a characteristic design feature of all presently used 
atomic frequency standards. The shielding can be quite elaborate; it reduces 
the external magnetic fields, foremost the earth's magnetic field, to 1 % or less 
of its normal value. It is obvious that only the Am F = 0, the so-called clock 
transition, can provide highly stable reference frequencies. The probability for 
this transition must be maximized, and the corresponding probabilities for all 
other magnetic-field-dependent transitions must be minimized. This is done 
by applying a constant magnetic field, the C field. 8 In order to force the 
Am F = 0 transition, the magnitude of the C field is typically at least an order of 
magnitude above all anticipated residual field components, and its orientation 
is such that its vector is parallel to the vector of the oscillating magnetic field 
that is coupled to the resonance of the atom. The resulting frequency shift can 
range up to parts, per 10 9 of the frequency of the atom in a zero magnetic field. 

« The name "C field" originates from naming the three fields necessary in a magnetic resonance 
experiment (Ramsey, 1956) where, in addition, A and B fields have to be applied corresponding to 
the state-selecting magnetic fields. This will be discussed later 
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FIG. 10-1 Magnetic field dependence of the hyperfine energy levels (nine in the upper state, 
seven in the lower state) in the ground state of the cesium atom. Energy is plotted as frequency; the 
magnetic field is plotted up to the value H 0 . The solid arrow represents the "clock" transition ; the 
dashed arrows depict the magnetic-field-sensitive (Zeeman) transitions. 



The magnitude of the field can be measured quite precisely, to an accuracy 
that is much better than required in view of all other frequency-stability 
limitations. Such a measurement is done by using the atom itself as the 
magnetometer. In Fig. 10-1, which illustrates the hyperfine energy levels of 
cesium for regions of relatively low magnetic field (Mockler, 1961), the clock 
transition is indicated by the solid line. The magnetic flux density B can then 
be measured precisely by measuring the magnetic-field-dependent or Zeeman 
resonances at higher or lower frequencies, as indicated by the dashed lines 
between the energy levels. The corresponding magnetic field dependencies are 
given by the following equations (v and /are in hertz, B is in tesla) for the 
shift in the clock transition. 

v - v 0 = K X B\ Rb:K, = 5.73 x 10 10 , 

(10-2) 

H:K t = 27.5 x 1() 10 , Cs:K l = 4.27 x 10 10 ; 
for the magnetic-field-dependent resonance, 

v M -v 0 = K 2 B, Rb:K 2 = 1.4 x 10 10 , 

(10-3) 

H:none, Cs:K 2 = 0.7 x 10 10 : 
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and for the low-frequency resonance, 

f M = K 3 B, Rb:K 3 = 0.7 x 10 10 , 
H:K 3 = 1.4xl0 10 , Cs:K, = 0.35 x 10 10 . (1 °" 4) 
It should be noted that we can measure a magnetic flux density B by measuring 
at microwave frequencies (v M - v 0 ) or, alternately, by injecting a low- 
irequency/ M . The field H can be calculated and the proper frequency-shift 
correction and zero-field clock transition can be calculated using the first of 
the above equations. 

The number of magnetic sublevels is determined by the quantum number 
t - 1 ± j, where / is the nuclear spin. The projection of F on the external 
magnetic field is an integer. This yields the quantum number m F . Thus each F 
level has 2F + 1 sublevels, with the m F = 0 state being the centrally located 
one. As a result of the fact that hydrogen has a nuclear spin of I = ± and 
therefore has no magnetic hyperfine splitting in the F = 0 state, the magnetic- 
neld-dependent resonance v M - v 0 does not exist in the case of hydrogen If a 
precise calculation of the magnetic-field-induced frequency shift in the clock 
transition ,s called for, Eqs. (10-4) or, more precisely, the K factors are 
insufficient. The Breit-Rabi equation must be solved exactly for this case and 
higher-order terms in H must be included. With increasing magnetic fields the 
magnetic coupling between the nuclear spin and the electron spin weakens 
until the high-field condition is achieved, where F is no longer a good quantum 
number but rather / and the electron spin are quantized separately in the 
external magnetic field. Again, the Breit-Rabi equation describes the total 
range and is graphically depicted for cesium in Fig. 10-2. At high fields 
therefore, we have approximately a constant magnetic dipole moment with a 
positive sign for eight of the nine magnetic sublevels of the upper state and a 
negative sign for all seven of the magnetic sublevels of the lower state plus the 
one remaining (lowest) sublevel of the upper state. 

As is well known, a magnetic dipole moment ft causes a force to be exerted 
on the earner particle. This force is given by F = „ grad B 0 . Since, strictly 
speaking (and as shown in Fig. 10-2), the magnetic dipole moment is not a 
constant but is dependent on the magnetic field itself, p M is used in the above 
equation. The fact that this force exists was discovered in the first beam 
experiments of Stern and Gerlach using spatial state selection, and it is still the 
basis for all atomic beam machines. 

10.1.3 Design Principles 

Atomic frequency standards are fundamentally devices that allow the 
measurement of a microwave frequency with very high resolution and accu- 
racy. The fundamental limitation to high-precision spectral measurements 
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FIG. 10-2 Energy-level diagram of U3 Cs in the 2 S, /2 ground state as a function of the 
applied magnetic field. The energy W is normalized to the hyperfine separation AW. The 
dependence plotted is according to the Breit-Rabi equation. F is the hyperfine quantum number: 
the magnetic quantum numbers of the electron, nucleus, and atom are m s , m,, and m F , respectively. 



is the first-order Doppler effect. A moving atom sees a frequency shift 
Af/f = ±v/c. The Dopier effect represents perhaps the most important 
problem limiting the accuracy and resolution of frequency standards. In the 
usual way we can say that if an absorber of radiation moves relative to the 
source, the observed resonance frequency is shifted to the value (Hellwig et ai, 
1978) 

where the velocity v and wave vector k are measured relative to the source. The 
first-order Doppler shift (k ■ v), the second-order Doppler shift j( v /c) 2 , and the 
recoil shift (the last term, where M is the atomic mass) can be understood in 
terms of conservation of energy and momentum in the emission or absorption 
process. Specifically, the so-called second-order Doppler shift is merely the 
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relativistic time-dilation factor resulting from the movement of the atom 
relative to the apparatus. Its effect is small but ultimately important. We can 
describe the first-order Doppler shift in terms of the time dependence of an 
ordinary electromagnetic wave as seen by an atom. We have for the oscillating 
electromagnetic field. 

£(.v, f) = E 0 sin(k ■ x - cot + 0), (10-6) 

where x is the atom position, k the field wave vector, and </> an arbitrary phase 
vector. If x = \ x t, that is, the particle is moving with velocity v in the x 
direction, then 

E{t) = E 0 sin[(k • v, - w)t + 0] (10-7) 

and the atom sees a sinusoidally varying field of frequency io' = to — k - \ x . 

Typically, the atoms in a sample, say, in a gas cell, have velocities in all 
spatial directions and a Maxwellian velocity distribution. The result is the 
familiar Doppler broadening that leads to a distribution of m values. The 
width of the corresponding distribution of frequencies, that is, the full Doppler 
broadening, is then directly related to the mean velocity of the atoms. As a 
result, for room-temperature atoms which, for atomic weights of around 100, 
have a mean velocity of about 300 m/sec, we have for the fractional linewidth 
Av/v 0 ~ 10 -6 . In summary, the first-order Doppler effect in a normal sample 
of atoms causes a fractional linewidth of about 1 ppm and systematic 
frequency shifts, depending on preferential directions of electromagnetic 
energy flow, of up to 1 ppm. We define Q as the quality factor of the resonance, 
where Q = v 0 /Av. Atomic frequency standards are thus characterized by 
extremes in the reduction of the first-order Doppler effect in terms of Doppler 
broadening and systematic Doppler frequency shifts as well as in terms of 
maximizing the line Q. In principle, the reduction of the first-order Doppler 
effect is achieved by confining the atom within a number of dimensions x less 
than k' 1 . Such a condition is called the Dicke regime. Figure 10-3 shows the 
resulting spectral narrowing of the resonance spectrum, which now has a 
sharp central feature with a linewidth corresponding to the natural linewidth 
(see below). This effect, first noted experimentally by Lamb in 1939, was 
discussed and explained in an important paper by Robert Dicke (Dicke, 1953). 

It is quite interesting to note that the Dicke regime has also been realized in 
the optical as well as in the gamma-ray region of the spectrum, where it is the 
basis for the Mossbauer effect; as in the microwave case, the photon recoil 
momentum is transferred to the whole lattice and therefore does not appear as 
a frequency shift, allowing highly precise measurements. Earlier, the term 
"natural linewidth" was used. This normally refers to the emission of visible 
light, where the natural linewidth describes the spectral linewidth associated 
with an optical transition. Lifetimes of optical transitions can be calculated 
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FIG. 1 0-3 Spectrum of an atomic transition, (a) The situation when the atoms are unbound 
and the resonance feature has the full Doppler width Av 0 (i>/c)v 0 . (b) When the atom is confined 
to dimensions less than the wavelength, the Doppler profile is suppressed and the central feature 
has the natural linewidth Av. 



from quantum mechanics using Planck's equation for the blackbody radiator, 
yielding average lifetimes in the nanosecond region. The lifetime in a given 
state is proportional to the frequency cubed; thus, at microwave frequencies 
we are faced with natural lifetimes of the states involved on the order of 
hundreds of seconds. 

Heisenberg's uncertainty relationship gives AW At > h/2, where AH 7 is the 
energy uncertainty and At the conjugate uncertainty in time. Since 
AW '= h Av, where h is Planck's constant, we obtain from this uncertainty 
relationship the linewidth Av. Natural transition times of hundreds of seconds, 
therefore, yield very small fractions of a hertz as Av. In other words, the natural 
linewidth is unmeasurably small in the microwave region as compared to 
other limitations on At or Av. As a consequence, one may interpret for 
microwave frequency standards that At is the observation time allowed by the 
frequency-standard apparatus or atomic resonator to coherently observe the 
atomic radiation. In general, this lifetime is limited by either of two general 
effects: the atom enters and leaves the apparatus after a time Af, or the atom 
stops oscillating due to a collision with other atoms or with the walls of the 
container after a time At. Thus, atomic frequency standards are characterized 
by maximizing Af and, with it, the line Q. 

In summary, the basic design principles of atomic resonators are the 
confinement of the atom to well within a wavelength of the electromagnetic 
radiation and the principle of maximizing the coherent observation time, that 
is, confinement of the atoms in an unperturbed radiating state for as long as 
possible. In the microwave region, the natural lifetime of the atomic state is so 
long that the designer does not worry about this as a limitation. This is in 
contrast to the situation found at optical frequencies, where metastable states 
are needed to have lifetimes sufficient to take advantage of available 
confinement techniques. 
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Fundamentally related to this, again via Planck's equation, is the fact that 
the populat.on difference between the two levels separated by microwave 
frequencies ,s very small. The population difference is a function of v. In the 
low gigahertz region, where hv « kT, the populat.on difference is only a very 
small fraction of 1%. Thus, in a natural ensemble, that is, in a gas, the total 
number of upper-state atoms is nearly equal to the total number of lower-state 
atoms. This has an important consequence. If this gas is placed in an external 
magnetic field that oscillates at the atomic resonance frequency, all atoms will 
undergo transitions. However, approximately half of the atoms receive 
(absorb) energy from the field ; the other half emit (add) energy of an equivalent 
amount to the field. Thus, it is obvious that the net effect is essentially zero The 
gas as a whole acts as if it has no resonance, although the individual atoms do 
resonate. In order to observe the atomic resonance, it is therefore a common 
design principle in microwave frequency standards to modify the population 
in the upper and the lower state. One or the other has to be significantly 
depopulated. The result is an atomic ensemble that either has a significant net 
emission or net absorption of energy. The way in which this is accomplished is 
a sign.ficant determinant in the design of an atomic resonator 

In summary, the design of an atomic resonator is characterized by the 
particular method of maximizing the coherent observation time, minimizing 
first-order Doppler effects, and achieving a significant net population 
difference between the two microwave energy levels. 

10.1.4 Performance Principles 

Time and frequency standards can be characterized in numerous ways 
However most frequently a time-domain characterization is most lucid and 
useful. The quantity measured (Barnes et a/., 1971) is the two-sample (or Allan) 
variance a 2 y (x), defined as ' 

»?M = <Uh +l - h) 2 >, (io-8) 

where y js the fractional frequency of adjacent measurements, each with a 
sample time x. The brackets < > denote an infinite time average 

An idealized presentation (Hellwig, 1975) for all precise time and frequencv 
standards .s shown in Fig. 10-4. Part I of the stability plot can be characterized 
by the equation a y (x) = k^. It is determined by the fundamental no.se 
processes present in the standard. Part II is called the fl.cker of frequency 
floor, which describes an independence of a y (x) from the averaging time We 
shall call this value a yF . Its level depends on the particular frequency standard 
and its physical basis is not fully understood but relates to fluctuations in the 
value of critical, frequency-determining parameters of the standard. Section 
III can be characterized by a y (x) = k 2 x"\ The coefficients k 2 and a 2 cannot 
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FIG. 1 0-4 Typical frequency stability behavior of a frequency standard. The two-sample or 

Allan variance is <tJ(t). I: it, ~ t '. white or flicker-of-phase noise; a s - t " ' ". white frequency 
noise. II: <r v ■= constant, flicker "floor" (flicker-of-frequency). Ill: rr r ~ r"; 0 < y. < I, typical; 
a = 1, pure frequency drift (aging). 

usually be determined very accurately because of the long measurement times 
needed in order to obtain statistical confidence. These coefficients are largely 
subject to environmental effects and thus are not stable. If linear frequency 
drift is present, a 2 = + 1. Of course, drift is always caused by some systematic 
change in a frequency-determining parameter with time. In contrast, regions I 
and II have more quantifiable physical relationships. The approximate 
relationship between frequency stability in region I and the signal-to-noise 
ratio available in the device can be given by a y {x) ~ (QS R )~\ where S R is the 
signal to noise ratio which, of course, is a function of the sampling time t. The 
quality factor of the resonance line enters as a key determining factor: the 
larger the 0. the better the stability. However, Q and S R can be traded against 
one another. A device with a relatively low Q and a large S R gives the same 
short-term stability performance as a device with a high Q and a low S R . 
The ratio S R can be expressed in terms of physical parameters of the atomic 
resonators, which typically are shot-noise limited; if i is the number of signal 

events per unit time, S R = s /h. 

In order to achieve excellence in region I, the number of signal events per 
unit time as well as the resonance Q must be maximized. The stability 
performance then improves as t~ 1/2 (if shot-noise limited) or as t' 1 (if 
white-phase-noise limited). The flicker floor (a y¥ ), region II in Fig. 10-4, is 
fundamentally related to the Q value of the resonance. Qualitatively, this is not 
surprising. Atomic resonators with Q values of 10 8 or higher may be expected 
to have accuracies of one part per 10 8 or better because the linewidth is acting 
as an ultimate limit on the variability of the frequency of the resonance. It 
appears that the Dicke limit forms the actual limitation for a yF , that is, the 
ultimate stability limit or accuracy of the device appears to be governed by the 
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atomic resonator Q. The result is a speculative relationship a yt = \/CQ m . 
where C is a constant of order 10" and m an integer of order unity (Hellwig' 

In the following detailed discussions of atomic frequency standards, we will 
see that in all cases the Q value of a resonator is the scale factor (or multiplier) 
for almost all perturbing effects on the frequency of the atomic resonator. We 
can summarize thusly : a high resonator Q is essential to achieve high accuracy 
and ultimate stability. Thus, the time-keeping potential of an atomic clock is 
governed by the Q value and not by the signal-to-noise ratio. The signal-to- 
noise ratio is only important to assure sufficient short-term frequency stability 
so that measurement periods of acceptably short duiation are needed to 
realize the available accuracy. As a practical guideline, the maximum 
reasonable sampling time to achieve ultimate measurement precision or 
accuracy (realizing a yF ) may be taken as 1 0 4 . Using this experimental guideline 
and the above empirical equation for a yF and combining it with the equation 
for a y (x), we can easily calculate an empirical guideline for the number of signal 
events per unit time, n. We find that n * 10 s , independent of the resonator Q 
Increased resonator Q leads to increased accuracy and long-term stability only 
as long as the atomic signal intensity is maintained at n = 10 8 events/sec or 
better. Frequency-standard concepts and designs are thus based on the 
following four principles: 

(1 ) minimized Doppler shifts and line broadening, 

(2) freedom from perturbations, that is, a free atom, 

(3) as high a line Q as possible, and 

(4) as high a signal-to-noise ratio as possible but not less than 10 8 signal 
events/sec. 

Unfortunately, these four principles are mutually contradictory. Thus, the 
actual performance of an atomic resonator is a compromise. For example the 
obvious ideal situation is a single atom at rest in free space observed for an 
infinite length of time. This would fulfill three of the above requirements but 
the signal-to-noise ratio would be zero and thus not yield a useful standard. 

10.1.5 Active and Passive Electronic Systems 

The basic purpose of the electronics of an atomic clock is to provide an 
oscillatory output signal that is both accurate and stable in time Atomic- 
based oscillators have the desirable features of high Q and relative insensitivity 
to environmental factors to give good stability. They also carry their own 
internal calibration, that is, the resonance frequency is identical for all atoms 
of the same species, and therefore they provide accuracy. However at some 
level the environment affects the observed resonance frequency and therefore 
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the electronics must reduce the effects of this environment to yield high ac- 
curacy and stability. 

Auxiliary functions must also be provided, and therefore the complete 
electronics must include 

(1) a reference oscillator, 

(2) cavity control. 

(3) servo electronics to control the reference-oscillator output frequency, 

(4) synthesizers and multipliers, 

(5) temperature control, 

(6) provision for a good magnetic environment (magnetic field supplied by 
stable current plus magnetic shielding), and 

(7) other electronics such as power supply and logic. 

As is common practice, it is useful to make a distinction between two types 
of electronic principles. 

(1) Active maser oscillator. In the maser oscillator the power for the 
oscillator is provided by the atoms themselves (e.g., atomic hydrogen maser). 
For reasons outlined below it is desirable to lock a reference oscillator (e.g., a 
crystal oscillator) to the maser oscillator. Therefore two oscillators are 
actually present in the configuration. 

(2) Passive atomic standard. In this configuration the interrogating fre- 
quency for the atomic resonator is provided externally (e.g., by the multiplied 
output of the reference oscillator). In this case the atoms act as a frequency 
discriminator or passive filter to which the reference oscillator is locked. 

In principle, a reference oscillator is not necessary in the case of a maser 
oscillator. One could think of merely synthesizing the desired output 
frequency from the output of the maser. The reason this is not done is that in 
general a high spectral purity (good short-term stability) is desired in the 
output of the device; a reference oscillator is used to give good short-term 
stability and is locked to the master oscillator in order to give good long-term 
stability and accuracy. The same philosophy governs the design of a passive 
atomic oscillator. Qualitatively, in both cases it is desirable to lock the 
reference oscillator to the atomic resonance in a time approximately equal to 
the time when the stability of the reference oscillator becomes worse than the 
stability provided by the atomic resonance (Walls and Stein, 1976). 

The choice of reference oscillator and reference-oscillator frequency is in 
principle arbitrary but in practice is determined by the cost and availability of 
suitable reference oscillators. Quartz crystal oscillators have been the best 
choice for many years; the performance of these oscillators has been optimized 
at frequencies from 5 to 10 MHz and, therefore, they have been used almost 
exclusively in atomic clock oscillators. 
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FIG. 10-5 Simplified block diagram for frequency servo electronics: (a) for a maser 
oscillator, (b) for a passive atomic standard. 



Finally, the reference oscillator must be tunable. It is, of course, desirable to 
make it voltage tunable; this is usually accomplished by coupling a varactor to 
the oscillator. We can therefore call the reference oscillator a voltage- 
controlled (crystal) oscillator (VCO or VCXO). 

Figure 10-5 depicts the general concept of the overall design of an atomic 
standard where the atomic resonator serves as the frequency reference for a 
slave oscillator (usually a quartz crystal) in a servo-loop configuration. 

The basic goal of the frequency servo electronics is to steer the reference 
oscillator so that its output is related to the atomic resonance frequency in an 
unambiguous way. For simplicity, we shall assume that the frequency of the 
reference oscillator is a subharmonic of the atomic frequency. In practice a 
synthesizer is usually incorporated into the system so that the frequency of the 
reference oscillator is nominal (e.g., 5 MHz). 
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10.1.6 Phase-Lock Servos 

In general, direct phase comparison is used to lock one oscillator to another. 
It is used in the maser oscillator to lock the reference oscillator to the output of 
the maser. Referring to Fig. 10- 5a, we assume that the signal from the maser 
oscillator is given by A cos w 0 f, where co 0 = 2nv 0 and v 0 is the atomic 
resonance frequency. We assume the frequency of the reference is near that of 
the maser, and we therefore write the reference signal as Bsin[co 0 r + 0(f)], 
where 0 4 co 0 . To first order the output of the mixer gives a signal V 0 
proportional to the two input signals multiplied together. We have 

V 0 = 2C sin[a> 0 f + 0(f)] cos co 0 t + D 

= C{sin[2a> 0 < + 0(f)] + sin 0(f)} + D, (10-9) 

where C is a function of A, B, and the mixer efficiency and D is an offset term 
that depends on A and B and mixer asymmetries. These asymmetries may 
depend on environmental parameters such as temperature. Only terms near dc 
are important: therefore, the first term (near 10 MHz in most cases) is easily 
filtered. The voltage V 0 is then a sinusoidal function of 0(f) that can be used to 
servo the reference oscillator (VCO) to the frequency of the maser. This can be 
accomplished with the scheme shown in Fig. 10-5a; V b is the equivalent input 
offset voltage of the feedback amplifier. This amplifier serves to amplify the 
error voltage V 0 and therefore steer the VCO so that its output frequency 
coincides with that of the maser. If the gain G(w) is very high near dc, then 
the voltage at the input to the amplifier is driven to zero, so that 
0(f) ~ -(£> + V b )/C. As an example, if the mixer efficiency is C = 3 mV/deg, 
then a change in D or V b as large as 1 mV gives a change in phase of 0.3° at 
5 MHz. This corresponds to a change of 0.3°/(360° x 5 x 10 6 ) = 0.17 nsec. 
Therefore, offset problems are usually solved easily using phase-locked loops. 

10.1.7 Frequency-Lock Servos 

Frequency-lock servos, as depicted in Fig. 10-5b, are used in passive atomic 
clocks (e.g., cesium-beam and rubidium gas cells) to steer the frequency of the 
reference oscillator so that it coincides with that of the atomic transition. The 
atomic resonator behaves similarly to a simple bandpass filter followed by a 
square-law detector. Therefore, in the following we will assume that the 
lineshape of the detected signal S(a>) versus applied rf frequency is Lorentzian, 
that is, 

S(co] = s 0 [l + (v - Vof/Av, 2 ]- 1 , (10-10) 

where v 0 is the atomic frequency, Av, the linewidth, and v the frequency of the 
source (multiplied reference oscillator). The signal S(co) is plotted in Fig. 10-6. 
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Some devices do not exhibit such line shapes; however, the results discussed 
below still apply qualitatively. We can use the S(co) curve as a frequency 

/Fm"? n in T : T m ° n iS t0 US£ Sine " Wave frec * uenc y modulation 
(FM) on the source. Figure 10-7 is a more detailed block diagram of the 
principle shown in Fig. 10-5b. For sine-wave FM, v = v + Av sin co t 
where v is the source frequency, Av m the FM swing, and ^ = 2nv the 
modulation frequency. m 

If we assume mJTn* Av, (the steady-state approximation), then the 
resulting signal is given by 

S((o) = S 0 [l + (Av m sin to m t + v s - v 0 ) 2 /Av?y\ (10-11) 
where v s is the frequency of the interrogating signal. 

giventy * ^ ^ SinUS ° idal co ™P°™nt of S(co) at frequency co m is 



9 A *' m sinai^rSgO^-Vg) 
(Av,) 2 {l + [(v, - v 0 )/Av,] J 



(Av,) 2 {l +[(v. - v.VAv.VP- (, °- 12 ) 
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FIG. 10-7 Block diagram of an atomic clock wilh a frequency-lock servo. S(cu) is the 
resonator demodulated ac signal, v m the modulation frequency, V 0 the phase-detector output 
voltage, V b a dc bias voltage, and G(w) the electronic gain. 

If we now mix this signal with a reference signal proportional to sin a> m f, as 
shown in Fig. 1 0-7, then the output of the mixer has output near dc (i.e., 
neglecting 2o m terms) of 



V n = 



Av m (v s 



(Av,) 2 {l + [(v, - v 0 )/Av,] 2 } ; 



+ D, 



(10-13) 



where F depends on the input levels to the mixer and the mixer efficiency and D 
is a possible mixer-output offset. This output voltage is plotted as a function of 
frequency in Fig. 10-6. Since the sign of V 0 depends only on the sign of v s - v 0 , 
this output voltage can be used to servo the frequency of the (multiplied) 
oscillator (VCO), as shown in Fig. 10-7. For good long-term stability and 
accuracy, we want the gain G(« = 0) -> x ; therefore, this part of the servo is 
usually an integrator. Figure 10-7 shows that the FM is accomplished with a 
phase modulator: it may also be accomplished by applying FM to the VCO 
directly. 

The above technique is sometimes called the first-derivative lock since the 
first term in the expression for V 0 is proportional to the derivative of S(a>). 
There are more potential problem areas with the frequency-lock servo than for 
the phase-lock servo. Some of these problems are discussed below. 

10.1.7.1 FAST MODULATION 

When v m = mjln ^ Av,, the expression for S(a>) should be modified. The 
important point to note, however, is that S(co) still remains symmetric and the 
basic dispersionlike character of the output of the mixer (K 0 ) is still preserved. 
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10.1.7.2 OFFSETS IN MIXER OUTPUT AND INPUT 
TO INTEGRATOR 

These effects were discussed above for the phase-lock servo- for the 
trequency-lock servo we again assume that the gain G(co) is very high near dc 
and therefore (V 0 + V b ) - 0, where V b is the b.asing voltage (offset). Thus the 
source frequency (v s ) for the locked condition is 

Vs ~ V ° = YKv~ m {D + Fb) ( 10 -'4) 

when (v. - v 0 ) « Av,. This equation illustrates the need to use large FM 
swings (Av m ); in practice, it is desirable to make Av ra ~ Av,; therefore, 

v s - v 0 D + V b 

~"~Q^~^ dO-15) 
where & = v 0 /Av, . This equation is only approximately true s.nce we 
assumed Av m « Av,. In a properly designed mixer (demodulator), F can be 
large; if we assume F = 10 V and & = 10 7 (approximately true in a 
commercial cesium standard), then D and V h must be constant to 1 uV to 
obtain 10 frequency stability. This requirement is rather severe and 
therefore work continues to find better demodulators. Digital techniques 
which are better than the analog demodulators in state-of-the-art lock-in 
amplifiers by more than an order of magnitude, have been used. 

10.1.7.3 DISTORTION IN FM 

Ideally, the frequency of the source is modulated according to 
v - v s + Av m sin m m t. In practice, this equation does not hold precisely and 
offsets can occur. If the signal from the "audio" oscillator (Fig. 10-7) has for 
example, second-harmonic content, then offsets can occur. Even if we assume 
that the modulation signal to the phase or frequency modulator is perfectly 
sinusoidal, there could still be distortion in the modulation if the phase or 
frequency modulator is nonlinear. This is often the case in practice since the 
modulation is usually accomplished with a varactor diode coupled to the 
phase modulator or oscillator. This type of distortion leads to a source 
frequency described by 

v = v s + Av m sina) m r + 0Av m sin(2co m f + <j>), (10-16) 

where we assume p I. Considering that D and V h are negligible and 
Av m ~ Av,; then, if <f> ~ ti/2, there may be an offset 

v s -v 0 _ p 
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If I he source or detector efficiency is frequency dependent, then amplitude 
modulation may occur at the modulation frequency v m . For example, if the 
output of the source is frequency dependent and assuming v s = v 0 , as the 
source frequency is swept back and forth, one side of the atomic resonance 
receives more power than the other. This implies that a signal component 
(at frequency v m ) exists at the detector; therefore, the servo will shift v s to 
compensate for this effect. This problem usually only occurs when the atomic 
line Q, (),, is fairly low (i.e., Av m is large) and when the source has tuned circuit 
elements that are therefore frequency sensitive (Wineland et al., 1977). 

10.1.7.4 SQUARE-WAVE FREQUENCY MODULATION 

Square-wave modulation provides an attractive alternative to sine-wave 
modulation. For example, the second-harmonic problems do not exist. The 
experimental problems are now the following: how to switch the frequency 
without any transients and how to keep the power constant. Problems in 
both areas wo.uld, of course, shift the lock point of the VCO away from line 
center. The optimum way to process the signal in this case is through an 
integrator that is switched synchronously with the FM. If the reference level of 
the integrator is the average of the two signal levels, then this system is even 
independent of small differences in the time spent at the two frequencies. Also, 
the line can be split to higher precision with square-wave than with sine-wave 
modulation; square-wave modulation gives a signal that is approximately 
twice as strong. 

10.1.7.5 HIGHER-HARMONIC LOCKS 

When using sine-wave frequency modulation, the strongest signal com- 
ponent at the detector occurs at frequency v m . When Av m ^ Av,, however, we 
note that higher harmonics of v m also occur in the output. For example, the 
signal at 2v ra is strongest when v s = v 0 ; this second-harmonic signal is used 
in commercial standards to indicate that the correct lock point has been 
achieved. Also interesting are the higher-order harmonic signals (at 
3v m , 5v m , . . .) which, when demodulated, exhibit dispersionlike character. 
Figure 10-8 shows the dispersion curves obtained after demodulation (i.e., at 
the output of the mixer in Fig. 10-7) for the first, third, and fifth harmonics 
when Av m is adjusted to give maximum slope near the center of the curve 
(Wineland et al, 1977). (The vertical scales are different for each part of Fig. 
10-8.) One can then use the dispersion curves of the higher harmonics to lock 
to line center, the principal advantage of using these higher-harmonic locks is 
that offsets due to slopes in the background (e.g., the tails of the magnetic- 
field-sensitive A/?; = 0 transitions in cesium) are highly suppressed (Wallard, 
1972). 
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(b) 



(c) 




FIG 1 0-8 Dispersion curves obtained at the output demodulator for different harmonics : (a) 
fundamental, (b) third harmonic, (c) fifth harmonic. Vertical scales are different in the three cases 
and curve (c) has an (arbitrary) 180° phase shift introduced. 

10.1.8 Electronic Systems 

The synthesizer-multiplier-modulator of Figs. I0-5b and 10-7 are depicted 
in more detail in Figs. 10-9 and 10-10. respectively. Figure 10-9 shows the 
simplest solution. The frequency modulation is imposed on the rf. This 
modulation can be a frequency modulation or a phase modulation and may 
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FIG. 10-9 Block diagram of the multiplier, synthesizer, and modulator electronics of the 
system in Fig. lO-5b. The crystal oscillator operates at a direct subharmonic of the atomic 
frequency: the standard output frequency is generated in an output synthesizer. v m , modulation 
frequency. 
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FIG. 10-10 Block diagram of the multiplier, synthesizer, and modulator electronics of the 
system in Fig. 10-7. The crystal oscillator operates at a standard frequency; the atomic resonance 
is synthesized by mixing and filtering. v m , modulation frequency. 
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be a nu so.dal or square wave. The modulation frequency must be lower 
than the linewidth of the atomtc resonance. As an example, tn commercial 
cesium atomic standards the linewidth is a few hundred hertz Thus the 
modulation frequency is typically of the same order. The modulated rf is then 
multiplied to a frequency of several hundred megahertz before it is fed into a 
step-recovery diode for further multiplication to the tiieahertz range 

For an optimum signal-to-noise ratio, the FM amplitude of the modulation 
is equal to half the linewidth of the atomic resonance. In this most simple 
synthesizing scheme of Fig. 10-9, the crystal oscillator operates at a direct 
subharmonic of the atomic resonance frequency. This often means that its 
frequency is not a standard 5 MHz. In order to create a standard 5-MHz 
output, a synthesizer may have to be inserted before the output frequency is 
generated. The main loop containing the atomic resonator is often called the 
primary loop. The synthesized output, if another oscillator is used for spectral 
purity, is called the secondary loop. 

Figure 10-10 depicts an alternate system that is often found in commercial 
s andards. Here the synthesis is done in the primary loop. In other words, the 

mu tinlied" ' S '1 1 St r d r d (6 g -' 5 " MHZ) freqU6I1C >'- The ^ is iin 
multiplied to several hundred megahertz, then further multiplied in a steo- 

recovery diode. The final frequency does not match with the atomic resonance 
frequency; therefore, a sideband must be created at !he atomic resonance 
frequency by mixing a synthesized lower frequency to the gigahertz carrier 
A filter may be necessary to clean up the spectrum before the signal reaches 
the atomic resonator. 

As discussed in Section 1 0. 1 .5, it is possible to operate an atomic standard as 
an active maser oscillator. It is necessary, nevertheless, to include frequency 
synthesis and electronic servo principles in such a device because the output 
signal is not a standard frequency and, typically, has a very low power level (on 
the order of picowatts). 1 

R- J h ,n el , e , Ct xT iC SySt6m ° f a maser - oscilla tor frequency standard is depicted in 
Fig. 10-1 1 . The output of the maser is amplified in a wideband amplifier and 

hen fed into a double-heterodyne receiver, which ultimately translates the 
frequency down to dc. Th.s dc voltage is used to control the frequency of the 
crystal oscillator that drives the double-heterodyne system. In other words 

he crystal oscillator ,s phase-locked to the maser frequency. The output' 
frequency typically at about 5 MHz, is buffered, and a clock-tick can be 
obtained by passing this frequency through a divider and an output buffer 
Such frequency standards are called active devices (in contrast to the passive 
pnnciples discussed above) because they are based on an active maser 
oscillator "and the standard 5 MHz is obtained via phase-locking techniques 
In both passive as well as active systems, the slave oscillator is of special 
importance because its performance determines, in part, the frequency 
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FIG. 10-11 Schematic diagram of a maser-oscillator frequency standard. The maser 
generates an output frequency that is detected in a double-superheterodyne receiver: the crystal 
oscillator is therefore phase locked to the maser oscillator. 




stability of the whole standard. For averaging times of less than those 
corresponding to the unity gain of the servo loop, the frequency stability is 
essentially that of the slave oscillator; for times larger than that, the atomic 
resonator dominates the stability performance. It must be noted here that an 
inferior slave oscillator, that is, an oscillator with a frequency stability worse 
than that of the atomic resonator at the unity-gain point, will correspondingly 
reduce the frequency stability of the system for some range of averaging times. 
Thus, in the design of a complete frequency standard, the choice of the stability 
characteristics of the slave oscillator (as well as the atomic resonator) in 
combination with the selection of the time constant of the servo loop or 
bandwidth, which determines the unity-gain point, is critical to achieve 
optimum system performance. 
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10.2 PASSIVE BEAM STANDARDS 
10.2.1 Beam Generation 

An atomic beam device features the following essential components 
(Hellwig, 1970a; Kartaschoff, 1978): a source for the generation of an atomic 
beam; a first state selector for the purpose of accomplishing a sufficient 
population difference between the upper and the lower state; the interrogation 
region, in which the atoms interact with the electromagnetic field; a second 
state selector serving as an analyzer to detect and sort spatially the atoms that 
have undergone a transition in the interaction region; and finally, a detector 
for the purpose of converting an impinging neutral atomic beam into an 
electrical signal. 

The basic principle of a source is a container for the atoms or molecules 
and an output channel for the formation of the beam. Since it is desirable 
to minimize waste of atoms while, at the same time, minimizing the need 
for pumping capacity, a long, narrow channel is typically used to provide 
molecular-flow conditions. The use of such channels can give collimation 
factors well above one in the forward direction as compared to the 
cosinusoidal output distribution of a simple aperture. It is difficult to achieve 
forward enhancement factors significantly exceeding 10 because of the 
difficulty in maintaining molecular-flow conditions while achieving sufficient 
output in very long and narrow channels. Often multiple channels are used, 
giving adequate forward directivity while increasing the total output. Bundled 
channels are realized by featuring hundreds of adjacent channels using 
precision hole-drilling techniques or assembly techniques based on combining 
wrinkled-foil structures. Target-acceptance angles (detector width divided by 
the distance between source and detector) of 10" 2 to 10" 3 are typically 
encountered, leading to waste factors of 1000 to 100,000. In Section 10.1 .4 the 
minimum necessary signal flux was estimated at 10 8 events/sec; thus, source 
outputs of not less than 10" atoms/sec and, more likely, much higher are 
typical. This, combined with a need for molecular-flow conditions, leads to an 
internal gas pressure of the source for acceptable performance of 10" 3 Torr. If 
permanent gases are used, a regulator device is found between the gas 
container and the source to achieve this pressure. A substance which is in the 
liquid or solid state at room temperature requires an oven in order to heat the 
substance to the necessary vapor pressure. Normally, a two-chamber oven is 
built: one chamber contains the liquid or solid phase, the other chamber 
contains the output channels for the vapor phase. Such a two-chambered 
source would feature a temperature gradient with high temperature at the 
output channels and the lower temperature in the second chamber, which 
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contains the bulk material. The output of such a source is typically a modified 
Maxwell distribution (Howe, 1976b), modified due to surface effects in the 
output channel, which deplete the slow velocity tail of the Maxwell distri- 
bution. Thus, all beam sources suffer from a deficiency in slow velocities that 
becomes noticeable or significant at about 30% of the most probable velocity. 

10.2.2 Spatial State Selection 

The state selector provides an inhomogeneous electric or magnetic field. 
This results in forces acting on the atoms or molecules that carry an electric or 
magnetic dipole moment. The two states that are coupled by the clock 
transition are spatially separated because they differ by the sign of the electric 
or magnetic dipole moment. For a constant dipole moment, a constant force 
can be created over some spatial region by a two-wire field (Ramsey, 1972). 
This is actually realizable by passing current through two parallel wires. 
However, the most common realization of the two-wire field is the magnetic 
dipole configuration depicted in Fig. 10-12; this figure also shows the basic 
effect of separation of states resulting in spatially and angularly separated 
beams containing the two different states. A great variety of state selectors has 
been devised, all based on the same fundamental principle of opposing forces 
on dipole moments of opposite sign. They include double dipoles or multiple 
dipoles (to form more than one beam) as well as axially symmetric con- 
figurations such as quadrupoles, hexapoles, or higher-order poles (Becker, 
1976b; Hyatt et al, 1971 : Emmons and Rogers, 1979; Xue and Yang, 1980). 

Axially symmetric state selectors have both advantages and disadvantages. 
The advantages include providing an axially symmetric beam as well as high 
field strengths, allowing more efficient spatial collection of atoms emanating 
from the source. One disadvantage lies in the fact that along the axis only 
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FIG. 10-12 Spatial state selection. 
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minimal forces are exerted; thus beam stops are mandatory to avoid line-of- 
sight, successful trajectories between source and detector containing atoms 
that are not state selected. 

Often focusing or optical-collection properties using dipole optics are 
mentioned. Indeed, atoms emanating from a point source with a single 
velocity and a constant dipole moment will be focused by a hexapole magnet 
into an image point. However, the practical application of this limited focusing 
is not overly important because none of the assumptions are fulfilled in 
practice. Sources with adequate intensity can rarely be considered point 
sources. All such sources emit a Maxwellian-type velocity distribution and, as 
was discussed in Section 10.1.3, the dipole moment as described by the Bre'it 
Rabi equation is a function of the magentic field strength, which is not con- 
stant in any practically realizable state-selection field. Thus, calculations of 
trajectories, that is, beam-optics calculations, that address the problem of 
successful trajectories between source and detector are nontrivial. Because of 
the multiplicity of variables involved, only approximations are possible and 
these require computer-assisted calculations. In general, we can state that the 
location of an atom hitting the image plane is dependent on the following 
variables: the coordinates of the source plane, the distance between the source 
and the first state selector, the distance between the first and second state 
selectors, the distance between the second state selector and the detector plane, 
the velocity as well as the velocity vector, the coordinates of location of 
trajectory within each state selector, and the dependence of the atomic dipole 
moment on the coordinates within each state selector. 

10.2.3 Microwave Interrogation 

The interrogation region, in its simplest form, is a cavity filled with an 
electromagnetic signal of the correct frequency. For historical reasons this 
single cavity is often called a Rabi cavity. Since we saw previously that the all- 
important line Q can only be reasonably large with a long interaction region, a 
relatively long cavity must be built. This leads to the problem that the cavity 
contains multiple wavelengths of the radiation in a standing-wave pattern. It 
can be easily seen that this leads to first-order Doppler effects, giving rise to 
substantial frequency shifts. Any attempts to build a very-high-precision 
frequency standard, based on the premise that the wave fronts of the standing- 
wave pattern and the atomic beam can be aligned to a high precision, are 
bound to fail if one realizes that for a sufficient signal-to-noise ratio, beam 
dispersions of about 10" 3 are needed. The corresponding reduction in the 
first-order Doppler effect, then, is only approximately three orders of magni- 
tude. Thus, frequency shifts of parts per I0 10 have been encountered in 
attempts to use single cavities in atomic beam frequency standards. 
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A solution to this problem was developed by Ramsey and realized in 
Ramsey's separated-oscillatory-field technique, which is now universally used 
in high-performance devices. The atoms with velocity vector v interact with 
the radiation in two phase-coherent, spatially separated interaction regions. 
In each region the condition (k • v) At < 1 is satisfied, where At is the transit 
time through one of the interaction regions. The Q of this device is calculated 
from the much larger transit time between the interaction regions. It should be 
noted here that the same technique can be applied not only by using spatially 
separated interaction regions but also by using temporally separated oscil- 
latory fields, that is, by applying radiation pulses separated in time to an 
ensemble of atoms. 

Figure 10-13 shows the essential relationships of a Ramsey cavity and its 
effect on linewidth and line Q. The resonance spectrum of this technique is also 
shown. The broad feature with a linewidth of W ~ v/l is often called the Rabi 
pedestal. It is caused by the independent interaction of the atoms with each 
region of length /. The coherent interrogation of the atoms by both regions 
causes a much narrower spectral line of width Wk. v/L that is centered on the 
Rabi pedestal. 
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FIG. 10-13 (a) Ramsey cavity and (b) the corresponding atomic resonance spectrum. The 
broad resonance (Rabi pedestal) of the spectral width Wx v/l originates from the independent 
interaction between atoms and the electromagnetic field in each interaction region of length /; the 
oscillating feature is caused by the coherent interaction of both interaction regions. The central 
peak has a width of about Wa v/L. v is the average atomic velocity. 
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If the phase difference of the electromagnetic field in both interaction 
regions is zero, then atoms will see maximum excitation at their resonance 
frequency. If the frequency is offset in such a way that the atoms, stimulated 
in the first interaction region and continuing at their natural resonance 
frequency, see a 180° phase shift in the second cavity as a result of the elapsed 
time of flight between the two interaction regions, then destructive phase 
relationships result, leading to a minimum in the pattern. If the frequency is 
further offset, phase relationships of 360° result, leading to another maximum 
in the signal level. Thus, we see a sine square spectrum, as shown in Fig. 10-13, 
with a period of L/v, where L is the separation between the two interaction 
regions. Since we are not dealing with a single velocity but with a velocity 
distribution, the sine-square pattern of the monovelocity case is attenuated by 
an envelope reflecting the velocity distribution (Hellwig et al., 1973b; Jarvis, 
1974). It may be noted that it is possible to lock to this envelope using two- 
frequency excitation in separated oscillatory fields, that is, by driving the two 
interaction regions with two slightly offset frequencies (Garvey et al., 1978), 
which of course must have a stable, time-varying phase relationship. If the 
phases in the two interaction regions are not the same, then the center peak 
will be displaced from the atomic resonance and, for example, with a 180° 
phase shift, be fully inverted as a pattern. The signal intensity /, that is, the 
number of atoms having performed a transition from one state to another, is 
proportional to the square of the transition probability and is given by 
/ =± sin 2 bt, where t is the duration of exposure of the atom to a driving field at 
the resonance frequency with an amplitude b. It is obvious that maxima of 1 
exist for bt = (2n - l)(7t/2). It is equally obvious that for a given velocity and 
dimension I of the region, that is, for a given transit time t through the region, 
preferred microwave drive levels b exist that maximize or minimize the signal. 
The first maximum, bt = n/2, is called the optimum power. Since we never 
encounter, truly, a single velocity but a velocity distribution, the interaction 
time t is not the same for every atom. As a result, the signal does not follow a 
sine-square function in relation to bt but washes out with increasing n. 
However, the first peak, that is, the optimum power, is always quite pro- 
nounced, even when encountering the full Maxwellian velocity distribution. 

The microwave cavity is itself a resonator; thus, we may have an additional 
frequency-determining element besides the atoms. Over a limited frequency 
range the cavity and atoms can be characterized by a single resonant frequency 
for each. (Over a large frequency range the cavity has other resonant modes 
that are important and the atoms may have other resonance transitions.) 
Therefore, the atoms and cavity can be thought of as comprising a system of 
two coupled oscillators; the coupling occurs through the radiation field. In 
general, in a system of coupled oscillators, the frequency of each can be shifted 
by the presence of the other; in the atomic oscillator this means that the cavity 
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must be tuned to the atomic resonance frequency or else a systematic 
frequency shift in the output will occur. The result is cavity pulling: the 
apparent resonance frequency, that is, the maximum signal intensity, lies 
between the resonance of the atom and that of the cavity if these resonances are 
different. For beam devices using atom detection the cavity pulling can be 
approximated by 

v - v 0 * k(QJQf(v c - v 0 ). (10-18) 

In this equation Q t is the resonance Q of the atoms, Q c the cavity g, v c the 
resonance frequency of the cavity, and v 0 the resonance frequency of the 
unperturbed atom. The factor A is on the order of unity and depends on the 
power parameter b: k can be shown to be zero for optimum power (Holloway 
and Lacey, 1964). Cavity pulling in beam devices thus can be reduced to 
unimportance by choosing a line Q as high as possible, a cavity Q as low as 
possible, and optimum power. 

10.2.4 Detection of Atoms 

The atoms that leave the cavity as an atomic beam have a modified 
population distribution as compared to thermal equilibrium. A second state 
selector is positioned following the cavity, which again spatially sorts the 
atoms. A suitable atom detector is placed to intercept one of these beams, that 
is, one of the two states as shown in Fig. 1 0- 1 4. The output of the detector thus 




FIG. 10-14 Atom detection. 
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indicates the number of atoms in the upper state or lower state, depending on 
which beam it intercepts. If the system is arranged in such a way that with no 
application of microwave power to the interrogation region no atoms reach 
the detector and atoms only reach the detector if microwave power is applied 
the system is called a flop-in system. If the converse is true, and application of 
optimum power corresponds to a minimum in the detected signal, we have a 
flop-out system. The detector itself is a device suitable to convert atoms into 
ions, which then are collected on an electrode. The resulting electrical current 
is used as the signal input for the electronic servo system. Since the deflection 
angles of neutral atomic beams are not very large, but only on the order of 
10 3 radians, the actual placement of the detector can be critical, and its 
dimensions are typically comparatively small in order to avoid interception of 
portions of the unwanted beam emanating from the analyzing state selector. 

10.2.5 The Cesium-Beam Standard 

The cesium standard was the first and still is the most important of all 
atomic standards. Developed in the early 1950s, its first operational use as a 
laboratory clock came about in 1955 at the National Physical Laboratory in 
the United Kingdom, and its first commercial use took place in 1958 at the 
National Company in Massachusetts. Today, a variety of laboratory-type and 
commercial standards exist (Hellwig, 1975), and the world's internationally 
coordinated time system is based on a large number of cesium standards of 
worldwide distribution. The laboratory devices, or primary standards, are 
used to define the unit of time, the second. This is done by constructing the 
apparatus in such a way that most known perturbing parameters can be 
independently and separately measured. Then, corrections can be applied to 
the output frequency in order to realize, as best as possible, the unperturbed 
resonance frequency of the cesium atom at rest in free space (Granveaud and 
Azoubib, 1976). 

The atomic resonance of cesium is 9,192,631,770 Hz. Since cesium is a very 
reactive metal, special provisions have to be made in supplying cesium to the 
source. Figure 10-15 depicts the schematic design of a cesium-beam standard, 
omitting the electronic systems. The oven is constructed in such a way that an 
ampule containing cesium can be inserted and opened inside of the oven via a 
remote mechanism after the beam device has been evacuated to very low 
pressures. Pressures of better than 10" 7 Torr are needed to allow a sufficient 
mean free path- from source to detector. Oven temperatures used vary 
between 60 and 120°C, providing vapor pressures in the range from 10" 4 to 
10 2 Torr inside the oven. The state selectors for a cesium beam are typically 
dipole magnets, but multiple-dipole, double-dipole, and hexapole magnets 
have been used . Most devices use the flop-in technique to maximize the signal- 
to-noise ratio. However, in the case nf a hpvannip a^,;^ ..„„,i 
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FIG. 1 0-1 5 Schematic diagram of a cesium atomic beam resonator. The frequency input is 
derived from a quartz crystal oscillator (typically at 5 MHz) with a frequency multiplier and 
synthesizer to generate the atomic resonance frequency. A feedback servo from the detector 
output then controls the oscillator. 



primary standard of the PTB in Germany (Becker, 1977), the flop-out 
technique had to be used because of the characteristics of the hexapole 
magnets. 

Vacuum is typically maintained by ion pumps: these feature rather sizable 
pump capacities in the case of laboratory-type standards, but are as small as 
0.1 I, sec for internal pumps in the case of commerical cesium standards. 
These small pumps serve only to scavenge residual gases, most importantly 
noble gases. Since a commercial tube is baked prior to permanent seal-off, at 
high temperatures there is very little evolution of gases inside of the tube. 
Furthermore, the expended cesium acts as an effective getter for many gases. 
The waste cesium itself is gettered by graphite in solid as well as in surface 
deposition form. Thus, cesium standards are characterized by strategic 
placement of graphite apertures and graphite-coated surfaces, especially in 
the vicinity of the oven and the detector (in order to minimize residual cesium 
background) as well as at the entrance to the cavity, in order to avoid 
deposition of metallic cesium inside of the microwave structure. 

Dual-beam devices have been built that utilize simultaneously the upper 
and lower state by generating two different beams deflected in opposing 
directions (Wineland et al., 1976b). The detector in cesium standards is 
typically a hot wire. The low ionization potential of the cesium atom makes it 
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possible to surface-ionize cesium atoms on metals with a sufficiently large 
work function. Metals that are being used include tungsten, niobium, and 
tantalum as well as platinum-iridium alloys. Since most of these metals 
contain significant amounts of contaminants, in particular potassium, the ions 
formed at the surface of the hot wire are extracted through a mass 
spectrometer. The mass spectrometer is typically a magnetic field that bends 
the ions by 90° out of the original path of the incoming neutral atoms. Fields of 
about 0.1 T and voltages on the order of 10 to 20 volts are sufficient. The ions 
are collected on an electrode. In some high-intensity-beam laboratory devices, 
the current is directly detected by an electronic amplifier (Becker, 1977; 
Wineland et al, 1976: Mungall et al., 1976), typically with a field-effect 
transistor front end. In all commercial devices, however, an internal electron 
multiplier is used. Thus, the collector electrode becomes the first dynode of the 
multiplier. The electron multiplier provides sufficient gain to raise the signal 
level by orders of magnitude above the noise level of electronic amplifiers. 
The surface ionization efficiency, together with the low noise of an electron 
multiplier, allow essentially noise-free detection of single atoms in cesium- 
beam devices. The C field in cesium devices is typically perpendicular to the 
beam axis if conventional cavities (TE 01 mode) and dipole optics are used. 
However, with hexapole optics, an axial, long-coil field is preferable. 

Cesium is preferred over other atoms because of its convenient frequency, 
which permits the use of readily available electronic techniques while featuring 
a sufficiently high resonance frequency for achieving high Q values: cesium has 
an ideal vapor pressure not far above room temperature, and the detectability 
of cesium by surface ionization is nearly 100% efficient. The speed of the atoms 
and the length of the interaction region determine the Q of the cesium 
resonator. Atomic velocities at the most probable thermal velocity are 200- 
250m/sec. In many practical cesium-beam tubes, a lower velocity is selected 
by the beam optics, typically close to lOOm/sec. Thus, we find Q values 
ranging from a few times 10 7 to a few times 10 8 over the spectrum of commer- 
cial and laboratory devices. Typical beam intensities at the detector are 
on the order of 10 7 to 10 8 atoms/sec, corresponding to electric currents on 
the order of a picoampere. The resulting signal-to-noise ratio for averaging 
times of 1 sec is on the order of 1000 and allows fractional frequency stabilities 
at 1 sec in the range from 10" 12 tol0~ 10 . The most common electronic syn- 
thesis technique for cesium-beam standards is the injection of 1 2.63 1 MHz as a 
sideband on the multiplied carrier frequency of 9.180 GHz, followed by 
filtering. The spectrum of the cesium resonator (Glaze et al., 1977) is shown in 
Fig. 10-16, which contains all Am F = 0 transitions, of which there are seven. 
Only the center transition is first-order magnetic-field independent and thus 
forms the clock transition. The relative decrease in the Ramsey-pattern 
amplitude of the more magnetic-field-sensitive transitions is a result of 
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FIG. 10-16 Microwave spectrum of the a transitions (quantum mechanical selection rules: 
AF = l,Am F = 0)ofa laboratory cesium tube (the primary standard ofthe U.S. National Bureau 
of Standards, NBS-6). The microwave power was set to the optimum level for the "clock" 
transition, that is the (F = 4, m f = 0) <- (F = 3, m F = 0) transition. In the upper recording all 
seven Rabi pedestals are shown with the respective Ramsey patterns at full amplitude. The 
frequency axis is 8.9 kHz/division. In the lower recording, the vertical scale and sweep rate are 
exactly the same as in the upper recording. The only difference is that the chart speed was 
increased to give an expanded frequency axis of 50 Hz/division, so that the character of the 
Ramsey patterns can be seen. 

magnetic field inhomogeneities across the axis of the atomic beam. Field 
inhomogeneities across the beam axis result in different trajectories seeing 
different net magnetic fields (and thus different frequency shifts), washing out 
the Ramsey patterns. The relative offset ofthe Ramsey resonance as compared 
to the Rabi pedestal (Fig. 10-13) is a result of magnetic field inhomogeneities 
in the axial direction, causing the average magnetic field that determines 
the Ramsey resonance to differ from the effective magnetic field in the 
two interacting regions that determines the Rabi resonance. The resulting 
frequency shifts can be estimated (see Section 10.1.3) but typically are not 
limiting: the very high sensitivity of the magnetic-field-dependent transitions 
would require rather large offsets and asymmetries, and complete washouts 
will occur before the clock transition is measurably perturbed. Spectrum 
diagnostics is therefore a very sensitive method. The C field is typically set 
at around 6 x 10~ 6 T, corresponding to a separation of the transition in 
intervals of about 40 kHz. The major reason for this C field choice is the 
occurrence of frequency pulling of the center clock transition by the tails ofthe 
neighboring resonances. At 40 kHz the net offset is on the order of 10 5 ofthe 
linewidth of the center Ramsey resonance. If the spectrum itself were totally 
symmetric around the center clock transitions, then no net frequency shift 
would occur. However, this is not the case because the differences in effective 
magnetic dipole moment cause the available number of atoms within the 
interrogation region to have a nonsymmetric distribution, as reflected in Fig. 
10-16. A further, minor reason for this C-field is that the resulting offset ofthe 
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TABLE 10-2 



Tabulation of Contributions to the Frequency Inaccuracy in the Primary Frequency Standard 
NBS-6 of the U.S. National Bureau of Standards" 





Bias 


Bias (Ay) 


LIncertainty 


(1) 


Servo-system offsets 








(a) Amplifier offsets 


0 


0.02 x 10~ 13 




(b) Second-harmonic distortion 


0 


0.15 x 10 13 


(2) 


Ma pnel ir-fiHH pffprt*; 








(a) Offset due to finite field 


536 x 10~ 1 3 


0 0^ x )0 -13 






(typical) 






(b) Magnetic field inhomogeneity 


0.02 x 10-' 3 


0.02 x 10~ 13 




(c) Majorana transitions 


0 


0.03 x 10 13 


(3) 


Pulling by neighboring transitions 


0.4 x 10 13 


0.20 x 10~ 13 


(4) 


Cavity pulling 


0 


0.01 x 10" 13 


(5) 


rf spectrum 


0 


0.02 x 10 13 


(6) 


Second-order doppler shift 


-3.1 x 10" 13 


0.10 x 10 -13 






(typical) 






Cavity phase shift (for a particular direction) 


0.25 x 10 13 


0.80 x 10" 13 


(7) 


Total error due to systematic frequency biases 








(a) Root mean square 




0.85 x 10" 13 




(b) Sum of errors 




1.38 x 10" 13 


(8) 


Random uncertainty 


0 


0.31 x 10~ 13 



" F rom Wineland el ill. (1976b). 



clock transition allows for a simple and elegant rational-number-ratio 
synthesis of the atomic transition frequency from a standard 5-MHz 
oscillator. The total frequency offset of the "standard" C-field setting on the 
clock transition is 1.6 x 10~ 10 fractional frequency. As a result, the C-field 
power supply must be stabilized to better than 1 0 " 4 fractional current stability 
in order not to limit the frequency stability of the cesium standard. Collisions 
between the atoms in the beam do not occur at normal beam intensities, which 
provide for mean free paths of many meters in regard to cesium-cesium 
collisions. In order to highlight the different frequency-perturbing effects, an 
error budget (Wineland et ai, 1976) of one of the world's primary standards, 
NBS-6 at the National Bureau of Standards in Boulder, Colorado, is given 
in Table 10-2. As must be expected, perturbations scale in most cases with 
approximately the Q of the resonance; thus, commercial standards have 
error budgets of an order of magnitude or more greater than that shown in 
Table 10-2. 
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10.2.6 Other Passive Beam Standards 

Other beam approaches were being pursued after cesium had reached a 
certain degree of maturity in design in the early 1960s. None of these have led 
to a working clock. Most notable among the cesium alternatives is the use of 
the thallium atom (Beehler and Glaze, 1966; Lacey, 1967). Thallium was 
chosen to overcome some perceived limitations of the cesium-beam resonator, 
in particular its alleged sensitivity against magnetic fields. It is true that 
thallium has a much lower magnetic dipole moment (K, = 0.21 x 10 10 ;see 
Section 10.1 .2) and thus reacts with correspondingly lower frequency shifts if 
exposed to changes in the C field, as could be caused by external magnetic field 
changes coupling through the magnetic shielding. In retrospect, it must be 
realized that this lower magnetic dipole moment is no basic advantage because 
cesium-beam resonators have been equipped with sufficient shielding to make 
magnetic field perturbations not a practical concern and, in case of exposure 
to unusual magnetic environments, further shielding could arbitrarily reduce 
any negative effects. Another advantage of the thallium atom is its higher 
resonance frequency, more than a factor of two higher than cesium (v 0 = 
21.31 1 GHz) with a corresponding increase in line Q. This is partly nullified, 
however, by the fact that thallium requires a much higher source tempera- 
ture and" thus features higher atomic velocities. 

As compared to cesium, the thallium atom posed several rather difficult 
technical problems as well as fundamental limitations. These include the 
difficulty of building a high-temperature oven; conventional heating means 
were not practical and indirect electron-bombardment-type heating was used. 
The lower magnetic dipole moment caused a correspondingly reduced 
effectiveness of the state selector, requiring longer magnets with higher field 
strength and thus heavier magnets while still featuring reduced spatial 
deflection as compared to cesium. The most difficult problem in the thallium- 
beam tube proved to be the higher ionization potential of thallium as 
compared to cesium, making surface ionization relatively ineffective. 
Ionization effectiveness was increased by providing a constantly oxidizing 
surface through a metered oxygen leak in the detector vicinity; however, the 
surface ionization efficiency became a time-varying, relatively unstable 
parameter. As a result of all these limitations, thallium work was discontinued 
in the late 1960s. 

An alternative to cesium seemed to be the use of electric dipole moments, 
rather than the magnetic hyperfine structure of alkali atoms. Such transitions 
are available at low frequency in molecules and, as a result, barium oxide 
( Hellwig et al., 1 968 ; And resen et «/., 1 968) and ammonia devices (Wineland et 
al., 1977) were proposed and built. With these devices the alleged advantages 
are total insensitivity against magnetic fields, no requirement for magnetic 
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shielding, and much lighter state selectors based on electrostatic effects. The 
difficulties with barium oxide proved to be similar to those encountered with 
thallium: the relative inefficiency of surface ionization and, more importantly, 
the difficulties in achieving the very high oven temperature. In the case of 
ammonia, efficient detection with a simple detector proved to be next to 
impossible, in addition to the limitations posed by the ammonia molecule 
due to its complex energy-level structure (see Section 10.5.1). Both ammonia 
and barium oxide were pursued experimentally, but work was terminated in 
the 1970s. It should be noted that none of the cesium alternatives offered a 
significant improvement in the fundamental limitations of any frequency 
standard and, particularly as compared to cesium, there was no significant 
improvement in resonance Q nor in signal-to-noise ratio. Looking back at 
these developments, it appears that beams alternative to cesium are likely to 
be doomed because there is no fundamental hope to improve the essential 
basic parameters and because of the unlikelihood of improving on the ex- 
isting technical elegance of the cesium-beam machine: low oven temperatures, 
efficient slate selection, and very efficient surface ionization detection. 

10.2.7 New Horizons 

As was pointed out above, it appears to be difficult to improve on the 
cesium-beam atomic resonator. Fundamental improvements in both Q and 
signal-to-noise ratio appear to be possible only by the use of higher 
frequencies, including infrared and optical frequencies. If it is assumed that 
these higher frequencies do not pose additional technical problems, the 
advantages are obvious: for the same length of the device, the Q improves with 
the resonance frequency. Thus, a device with a resonance at 100 GHz and 
otherwise similar dimensions has a 10-times-improved Q as compared to 
cesium and, in the near-infrared and visible regions, an enhancement by a 
factor of 1 0,000 is available. With such enhancement factors, Q could be traded 
against the signal-to-noise ratio by building shorter tubes, making more 
efficient use of the spatial acceptance limitations, or by multiple interrogation 
of the atoms or molecules, cycling each atom several times through its two 
states. Another technically elegant solution is optical pumping for state 
selection and possibly also detection. Optical pumping was tried on the 
rubidium beam (Arditi and Cerez, 1972) and, more recently, on the cesium 
beam (Arditi and Picque, 1980), originally with rf-excited lamps but more 
recently with lasers, ranging from diode lasers to dye lasers. The principal 
advantage of this technique is that it removes the distributed cavity phase-shift 
limitation (Lewis et al., 1980; Wineland, 1977). The distributed cavity phase 
shift arises from the fact that the cavity phase is distributed along the axis as 
well as across both coordinates of the plane perpendicular to the beam. As a 
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result, different trajectories sample different cavity phases in each of the two 
interrogation regions, and the cavity phase difference, which affects the shift of 
the Ramsey pattern, becomes trajectory dependent. Since with spatial state 
selection, that is, magnetic state selectors, the trajectories are velocity 
dependent, we have a two-parameter dependence of the effective cavity phase 
shift, and thus of the apparent resonance frequency; since the distributed 
cavity phase shift can be assumed to be on the order of 10~ 4 to 10" 3 radians, 
cesium tubes suffer from this effect, depending on their resonance line g, 
anywhere between 10" 13 and 10"" ; since optimum power is a function of the 
velocity, power changes in the microwave driving field lead to favoring 
different velocities. As a result, we have a change of the average trajectory 
location with microwave power, and therefore frequency shifts as a function of 
microwave power. Other related shifts include temperature-gradient- 
related frequency shifts, acceleration- or gravitation-induced frequency 
shifts, vibration-induced perturbations, and voltage-related frequency shifts 
(Wineland, 1 977), for example, those caused by changes in the collector voltage 
potential near the hot wire (causing a sampling of different regions of the hot 
wire corresponding to different atomic trajectories (Allan et ai, 1977). Thus, 
state selection and detection, which are uniform across the beam and retain the 
spatial isotropy of the velocity distribution, would essentially remove all effects 
related to the distributed cavity phase shift. Optical pumping appears to be an 
elegant means to this end. At this point in time, there are insufficient 
experimental data to make a judgment of optical pumping as it relates to these 
advantages. Optical detection would be a combined function of the second 
state selector which, if optically executed, would interrogate the population 
levels and act as a photon transformer for the detection of microwave-induced 
atomic transitions. If high-frequency beams were chosen, the second state- 
selection region could be merged with the interrogation region and detection 
executed as monitoring the fluorescence resulting from the interaction of the 
driving interrogating field with the atoms and molecules. Remember that at 
microwave frequencies the fact that the photon energies hv 0 are small 
compared to kT causes noise problems if the resonance is to be detected via 
absorption or emission of the microwave signal itself. This is the only reason 
why, for example, cesium-beam tubes resort to a second state selection and 
detection process in order to achieve noiseless detection of every single atom 
that makes a transition. 

10.3 GAS-CELL STANDARDS 

10.3.1 Gas-Cell Principles 

If atoms are confined in a container such as a storage vessel, then they will 
collide with each other as well as with the walls of the container. Except under 
spprinl rirrnmstances such a collision will terminate coherent interaction 
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between a radiation field and the atomic resonance. Thus, the normal case of a 
storage vessel inside of a cavity extending over more than one-half wavelength 
will be that of a Doppler-broadened (or pressure-broadened or wall-collision- 
broadened) line. In addition, reradiation from atoms is absorbed by other 
atoms, causing radiation quenching. In principle, three steps can be taken to 
minimize all of the above effects. 

(1) The walls of the vessel can be coated with a surface layer, providing for 
essentially elastic collisions; such surface layers are characterized by saturated 
chemical bonds, high molecular mass (polymers), and lack of chemical 
reactivity with the gas in question. 

(2) The introduction of buffer atoms of a different species that is inert can 
result in elastic collisions between the radiating gas and the buffer gas. Such 
buffer gases include noble gases as well as species such as nitrogen and 
methane. 

(3) Confinement within less than one-half the wavelength of the micro- 
wave radiation can be accomplished by placing the storage vessel inside of a 
cavity and reducing the size of the storage vessel to conform to the necessary 
conditions. An alternate way is connected to the use of buffer gas. If buffer gas 
of sufficient pressure is used, the radiating atoms will have a sufficiently small 
mean free path between collisions and, thus, will not move freely any more 
through the storage container. The radiating atoms, during their radiative 
lifetime, are restricted to a very small region of space; their residual spatial 
movement may be characterized not by free flight but by diffusion. 

As we have seen, the introduction of buffer gas is critical to the success of a 
closed storage system, that is, a gas cell (Davidovits and Novick, 1966). It 
provides the following functions: elastic collisions that increase the radiative 
lifetime of the atoms, confinement to less than one-half wavelength, quenching 
of reradiation, and near elimination of wall collisions. Nevertheless, each 
collision with a buffer-gas atom results in a small, phase-perturbing effect that 
accumulates until the atomic radiation is quenched. Typically, anywhere from 
10 to several hundred collisions can occur before relaxation of the radiating 
atom occurs, yielding relaxation times on the order of milliseconds. 

Since the density of buffer gas in the cell is so high, any given atom is 
essentially fixed in position for a duration sufficient to allow stimulated 
emission. As was pointed out above, this allows a usable signal-to-noise ratio 
as well as a high line Q. However, under these conditions the resonance 
frequency of the atoms in one part of the cell will be different from that in other 
parts of the cell due to the fact that the atoms are localized in their particular 
"environment" (Risley and Busca, 1978). This environment may be somewhat 
different due to gradients in cell temperature, gas density, magnetic field 
microwave power (mode structure), population inversion, etc. A change in 
any of these parameters will then change the weighting of the sampling of the 
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cell and result in a frequency change. This is a line-inhomogeneity effect, and it 
is this effect which is a principal limitation of gas-cell frequency standards. 

Since gas cells cannot be fabricated with the same precision as beam tubes, 
because the buffer-gas filling has the effect of shifting the frequency by parts per 
10 8 , the atomic resonance frequency is only an approximate determinant of 
the operating frequency of the gas cell. Depending on the particular choice of 
buffer gas, differently manufactured gas cells will differ by parts per 10 8 ; gas 
cells of the same manufacture will also show a distribution of resonance 
frequencies (on the order of 10 9 ) due to the variability of the manufacturing 
process. This has the following consequences. 

( 1 ) The frequency synthesizer in the electronic system of the standard must 
be adjustable over the range of variability or the gas cell itself must be tunable 
over this range. The latter can be achieved by operating at a high magnetic 
field to provide, via adjusting the C field, sufficient range for tuning. 

(2) Changes in buffer-gas composition may occur as a time-dependent 
effect due to absorption, diffusion, and gas evolution at the container walls. 
This causes frequency-drift (or aging) phenomena. 



10.3.2 Optical State Selection 

Since in gas-cell standards we have a self-contained, permanently closed 
system, effective interrogation can only be made by optical means. Thus, the 
functions of achieving sufficient population differences between the two levels 
and the detection of changes in that population difference are done by optical 
means. Optical pumping is typically used as illustrated in Fig. 10-17. This 
requires a three-level atomic system where the transition between levels 1 and 
2 corresponds to the microwave ("clock") transition and optical frequencies 
correspond to transitions between level 3 and either microwave level 1 or 2. If 
filtered light of sufficient intensity at the frequency v 31 is used and no light is 
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FIG. 10-17 Idealized three-level system for optical pumping. 
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THROUGH ACTION 
OF THE LIGHT 

FIG. 10-18 Optical state selection. 



present at frequency v 32 (filter action), population inversion between levels 2 
and 1 occurs, that is, referring to Fig. 10-18, the net result of the optical 
pumping is to overpopulate state 2 with respect to state 1. If microwave 
radiation at a frequency corresponding to the 2-1 transition is then applied, 
the ensemble is moved back toward thermal equilibrium. When the micro- 
wave frequency v 21 is on resonance, the total light transmitted through the 
cell to the photodetector is somewhat smaller than if it is off resonance. If v 2 , is 
swept through resonance, an absorption curve results, the position of whose 
peak defines the resonant frequency of the system as illustrated for the atomic 
ensemble in Fig. 10-19. This procedure leads to very efficient detection and a 
good signal-to-noise ratio because, in principle, for every microwave photon 
an optical photon is detected. Optical photons, in turn, can be detected 
essentially noise-free using photoresistive or photovoltaic cells. 

10.3.3 The Rubidium Gas-Cell Standard 

The traditional design of a rubidium standard features a lamp filled with 
rubidium-87 isotope, a filter with rubidium-85 isotope, and the cell again 
featuring rubidium-87 isotope (Davidovits and Novick, 1 966). As illustrated in 
Fig. 10-20, it is a happy coincidence that one of the optical absorption lines of 
rubidium-85 largely overlaps one of the hyperfine splitting components of 
the rubidium-87 pumping light; thus, the insertion of the rubidium-85 filter 
effectively suppresses the light that otherwise would couple to the upper 
microwave level of rubidium-87. This results in efficient optical pumping, that 
is, saturation in. the population of the upper microwave level while the lower 
level is essentially fully depopulated. Figure 10-21 shows the schematic of a 
rubidium gas-cell frequency standard. 

In order to achieve the full efficiency of the system, the vapor pressure in the 
gas cell must be adequately high ; partial pressures of 1 0 " 6 to 1 0~ 5 Torr are a 



154 



HELMUT HELLWIG 



NO SIGNAL 













FILTERED 
LIGHT 


[ J 






PHOTO DETECTOR 













MICROWAVE 
CAVITY 

(a) 



MICROWAVE SIGNAL 
(OF ATOMIC RESONANCE FREQUENCY) 



FILTERED 
LIGHT 











» 




ft- »'\2i «_.•'• vl 















PHOTO DETECTOR 



MICROWAVE 

CAVITY GAS CELL 

(b) 



FIG. 10-19 Optical detection: (a) maximum signal, (b) minimum signal. 



reasonable compromise between achieving good signals while avoiding 
significant numbers of spin-exchange collisions between rubidium atoms, 
which would lead to frequency shifts (Tetu ex ai, 1976a) and also shorten the 
relaxation time and thus the line Q. In order to obtain the necessary light 
intensity, the rubidium pressure in the lamp must be at a higher level and, 
typically, temperatures between 1 20 and 1 80°C in the lamp are used . The filter 
temperature is adjusted to a temperature between those of the lamp and the 
gas cell. The gas cell features a buffer-gas mixture typically containing two 
components, one with a positive pressure shift on the rubidium frequency and 
the other with a negative shift, compensating each other's temperature 
coefficients (Missout and Vanier. 1975a). Table 10-3 lists three of the most 
widely used buffer-gas constituents. In this table the temperature coefficient 
Av r is given at constant volume, while the pressure shift (at zero light intensity 
/ L ) Av p is given for a temperature of 333 K. 

Since the Av p and Av T values are additive, it is obvious that a zero- 
temperature coefficient can be achieved using a proper mixture at some total 
pressure. In practice, the residual temperature coefficient is not much less than 
1 part per 10 10 . 
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FIG. 10-20 Optical emission corresponding to the desired (F = t)andtheundesired(F = 2) 
states of "'Rb (solid curves) and absorptions corresponding to the filter action of 85 Rb (dashed 
curves). 
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FIG. 10-21 Schematic diagram of a rubidium gas-cell frequency standard. 
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TABLE 10 3 

Buffer Gases versus Rubidium-87 Transition Frequency 







Av x 


Gas 


(Hz/Torr)" 


(Hz/K • Torr) 


Argon 


-60 


-0.35 


Krypton 


-600 


-0.59 


Nitrogen 


560 


0.54 



7„ = m K, /, - 0. 



Usually, the rubidium is in a liquid-gas phase equilibrium provided by a 
relatively cooler appendix in the rubidium gas cell. The appendix is cooled by 
thermoelectric cooling or by providing a thermal-gradient oven with higher 
temperature for most of the gas cell (with the exception of the appendix). 
Alkali-resistant glass must be used to minimize reaction as well as absorption 
and diffusion of rubidium into the glass. Some diffusion of rubidium into the 
glass always exists: thus, overfilling with rubidium is typically the procedure 
used in manufacturing the lamp as well as the filter and the gas cell. Rubidium 
depletion into the glass is responsible for the fact that the rubidium vapor 
pressure is not in true equilibrium with the liquid phase, as would be calculated 
from the temperature of the appendix containing the liquid phase. Typically, 
the actual rubidium density is less than that calculated. Since depletion of 
rubidium into the glass is highly temperature sensitive, such effects are much 
more pronounced in the rubidium lamp, where rubidium saturation may be 
the only method capable of achieving long lifetimes of the rubidium lamp. 

Another problem in the optical package is condensation of liquid rubidium, 
which can occur on cooled surfaces and is particularly likely in the filter-cell 
walls facing the rubidium cell. Careful design for thermal radiance character- 
izes most rubidium standards. The lamp is typically excited by an rf discharge 
in the 100-MHz range. The rubidium gas cell is housed in a cavity with a low Q 
(i.e., Q c « 100). The microwave signal can be generated externally or by 
harmonic generation internal to the cavity using a varactor diode. A separated 
filter cell is not absolutely necessary. If the rubidium gas cell is filled with an 
isotope mixture of rubidium-85 and rubidium-87, the light of the lamp 
penetrating the first layers of this isotope mixture will shift in its spectral 
characteristics in such a way as to pump effectively the remainder of the gas 
cell. In other words, this integrated gas cell (Jechart, 1973) acts like a filter cell 
at the side facing the lamp and, on the opposite side, like the gas-cell resonator. 
This design approach lends itself to a more compact and simpler design but 
further aggravates the effects of gradients and inhomogeneities discussed in 
Section 10.3.1. The detector is typically a photocell, that is, a photovoltaic 
device, that has a surface area commensurate with the effectively used light 
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beam (on the order of 1 cm diameter). Unlike the case of the cesium standard, 
there is no optimum power. The reason for this is the fact that we have no 
transit-time phenomena as in a cesium beam, but rather the relaxation 
spectrum of the rubidium atoms due to collisions or radiation phenomena. 
These are exponential processes, and therefore increasing the microwave 
power will always result in some fast-relaxing atoms being optimally pumped. 
Increasing microwave power causes a monotonic and asymptotic increase in 
the signal intensity. However, as the signal increases with applied microwave 
power, line broadening occurs due to the fact that fast-relaxing atoms are 
preferentially selected. Best conditions are obtained by selecting the micro- 
wave power in such a way that the product of the signal-to-noise ratio and 
the line Q is optimized. 

As discussed above, the atomic ensemble does not perform spatial averaging 
but rather acts as a superposition of the individual resonance frequencies of the 
spatially fixed atoms, leading to an inhomogeneous resonance line. As a result, 
dependencies occur against all parameters that are spatially selective. This 
includes light intensity, magnetic field gradients across the cell, microwave 
power due to the mode structure of the microwave cavity, and other effects as 
discussed above. In summary, the rubidium gas-cell standard is a less 
"primary" device than the cesium-beam tube. Basic frequency shifts due to 
buffer gas and light are on the order of parts per 10 9 to parts per 1() M . The 
rubidium standard is therefore sensitive against the stability in time of the 
parameters that cause these shifts (Cerez and Hartmann, 1977). It is therefore 
no surprise that rubidium gas-cell standards show systematic frequency 
changes on the order of 10" 13 to 10" 12 per day, corresponding to parameter 
changes as a function of time on the order of 10" 4 to 10" 5 per day. 

10.3.4 Other Gas-Cell Standards 

Because of its simplicity, it is not surprising that the rubidium gas-cell 
approach has a great attractiveness. Other atoms have been tried, but with no 
practical success. Most notably, this includes cesium (Rovera et a/., 1976). The 
basic advantage of the rubidium atom over all other known alternatives is that 
it features relatively elastic collisions with readily available buffer gases and 
offers the isotopic overlap in the optical spectrum for effective pumping. In an 
optically pumped cesium system, one faces the necessity of creating population 
inversion by other means, which include discrimination between the two 
hyperfine levels, by their different polarizations or resorting to spectrally 
narrow light sources such as lasers. Both approaches are technically much less 
elegant and practical. Cesium is heavier than rubidium and suffers more under 
collisions. In fact, the relaxation times under similar conditions are factors 
of 5 to 10 less than in the case of rubidium. Of course, an atom such as 
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hydrogen would perform much better. However, hydrogen atoms cannot 
easily be maintained in a stable condition: the need to continuously dissociate 
molecular hydrogen runs against the gas-cell concept of a closed system (see 
Section 10.4). Of course, gas-cell standards are readily possible in the optical 
region because population inversion naturally exists. Thus, the requirements 
for effective filtering can be dropped and simple absorption can be used with 
any one of the many gas resonances available in the infrared and visible 
radiation regions. 

10.3.5 New Horizons 

One of the primary limitations of the rubidium gas-cell standard is the fact 
that it features an inhomogeneous line. In order to transfer the rubidium gas 
cell into a standard with a homogeneous line, the buffer gas must essentially be 
removed to realize effective spatial averaging of the individual atoms. As a 
result, wall collisions dominate, as was shown experimentally using certain 
high-polymer coatings such as paraffin and polyethylene as wall materials 
(Busca et al., 1975). This approach allows the removal of the buffer gas while 
retaining the optical-pumping principle with a separate filter or isotope 
mixture in the gas cell. Unresolved at this time is the stability in time of the 
coating materials when exposed to rubidium. 

Another limitation of rubidium standards appears to be the residual light 
shift. One portion of the light shift is due to the inhomogeneous line, that is, the 
atomic resonance frequency is dependent on the light intensity, which is 
dependent on the location of the peak of pumping efficiency. It would be cured 
with the wall-coating approach and spatial averaging. The other remaining 
light shift is due to the insufficient overlap of the rubidium-85 absorption and 
the rubidium-87 emission (Fig. 10-20). This leads to an asymmetric spectral 
filtering of the rubidium-87 line that pumps the lower microwave level. This 
light shift could be removed if a light source were employed that is centered 
and symmetrically coupled to the upper microwave level. Obviously, this can 
only be a laser source. In order to arrive at a practical device, dye-laser 
approaches cannot be considered, although they have been tried, but rather 
solid-state lasers must be used. The limitation of a practical standard would 
then be the stability of the laser frequency with temperature. An effective 
centering of the solid-state-laser pumping line would probably require 
a frequency stabilizing servo to the rubidium resonance. Finally, one should 
consider, with regard to fundamental improvements, the criteria. Does it 
improve the basic resonance Q and the signal-to-noise ratio? As long as the 
answer to both is not affirmative, there will be no significant improvement 
in the rubidium standard's performance. Substitution of cesium for rubidium, 
if anything, will lead to a lowering of the line Q because of the greater effect 
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on the relaxation processes. The most promising approach appears to be 
a combination of a good alkali-resistant wall coating with some residual buffer 
gas in order to quench reradiation so that both a high signal-to-noise ratio 
and a high line Q can be maintained while achieving spatial averaging 
(a homogeneous line). A practical solid-state laser light source could then 
be envisioned to remove the other, secondary limitation, the light shift. 



10.4 HYDROGEN MASERS 
10.4.1 Hydrogen-Maser Principles 

As discussed above for the case of rubidium versus cesium in a gas cell, the 
heavier atom suffers much more from effects of collisions on relaxation time. 
Correspondingly, a lighter atom has a more elastic collision with surfaces or 
other atoms than a heavier atom would have. Thus, atomic hydrogen appears 
ideal for devices that contain atoms by relying on elastic collisions. The 
technical difficulty posed by atomic hydrogen is that it is not a stable gas, and 
contained or enclosed systems using atomic hydrogen are difficult to envision. 
The first experiments with containing atoms, in fact, were done using the 
cesium beam. In these experiments, the broken-beam experiments at Harvard 
University in the late 1950s (Goldenbcrg et al.. I960), paraffin-coated 
obstructions were placed into the path of cesium atoms, forcing the atoms to 
undergo one or more collisions before proceeding onward toward the 
detector. The high degree of inelasticity of the cesium-wall collisions led N. 
Ramsey to use atomic hydrogen. The atomic hydrogen storage bulb was born, 
a storage container lined with a surface coating that provides for elastic wall 
collisions of atomic hydrogen. It remains as an open system, that is, an 
external atomic hydrogen source that replenishes the atomic hydrogen in the 
storage bulb after it is allowed to escape or recombine to molecular hydrogen 
is used. Today's practical devices rely exclusively on teflon (a fluorocarbon) 
as the wall-coating material. Different types of teflon polymers exist with 
somewhat varying wall properties but not significantly differing effects on 
relaxation time. 

A schematic diagram of an atomic-hydrogen maser is depicted in Fig. 10-22. 
Shown is operation as an active maser oscillator (compare with Section 
10.1.8). The beam source is a glass container in which atomic hydrogen is 
created in a radio-frequency discharge from molecular hydrogen. Molecular 
hydrogen is supplied from a hydrogen source such as a bottle or, in some more 
recent experiments, from metal hydrides at elevated temperatures. The hydro- 
gen beam is formed by a collimator, which can have a single-channel or multi- 
channel design. The hydrogen-beam intensity is determined by the power 
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FIG. 10-22 Schematic diagram of an atomic-hydrogen-maser frequency standard (active 
oscillator). 



of the dissociating discharge as well as the flux of molecular hydrogen. In 
order to achieve stable beam intensities, it is mandatory to regulate both the 
power of the dissociating discharge and the supply of molecular hydrogen. 
The former is done by electronic means, the latter either by a mechanical servo 
valve or by using a palladium leak. Palladium metal has the property that, at 
elevated temperature, it has a very high diffusion coefficient for molecular 
hydrogen while remaining essentially impermeable for all other gases. Thus, 
via temperature changes it can operate as a regulated leak while at the same 
time purifying and rejecting impurities in the hydrogen gas. For effective 
dissociation the typical pressure in the source, which operates at around 
100 MHz, is 10" 3 Torr. 

The beam, which is formed at the output of the source, must be state- 
selected (Kleppner ct al.. 1 965). The state selector almost always is a multipole, 
axially symmetric magnet, which achieves high field strengths while providing 
an axially symmetric state-selected beam as well as some limited spatial 
focusing. The most probable velocity is focused on the entrance aperture of 
the storage bulb. The storage bulb is placed inside of a TE 01 , cavity. In order 
to retain a high cavity Q. the storage bulb is typically made out of quartz. 
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which shows very low dielectric losses. Atomic hydrogen can collide with the 
inside, teflon-coated surfaces of the storage bulb numerous times. Typically, 
several thousand to more than 10,000 collisions can take place before suffi- 
cient phase error is accumulated to decorrelate the radiation process. If the 
cavity Q is high enough, that is, if cavity losses are low and the supply of state- 
selected hydrogen is sufficiently high, then the energy transferred into the 
cavity by the state-selected hydrogen atoms exceeds the energy losses of the 
cavity and its associated electronics: the maser becomes an oscillator, pro- 
viding a frequency close to the atomic resonance frequency of atomic hydro- 
gen at 1,420,405,752 Hz. It is desirable to achieve oscillations at the lowest 
possible beam intensities to make the storage time in the storage bulb as long 
as possible. Since storage times in excess of 1 sec are possible, the escape 
relaxation time of the bulb, that is, the flow of gas in or out of the bulb, is 
arranged in such a way as to be just below the wall-collision relaxation time of 
the hydrogen atoms for optimum performance. Storage times of about 1 sec 
lead to line Q values greater than 10 9 . These are the highest Q values in all 
presently used atomic standards and are the basic reason for the exceptional 
performance of the atomic hydrogen maser. The output of the device is a 
signal at the picowatt level. 

10.4.2 Active and Passive Masers 

For an active maser oscillator, a crystal oscillator is still needed in order to 
provide a standard frequency output. A signal that is derived from the crystal 
oscillator is generated at the frequency of the atomic hydrogen maser. This 
signal is compared to the output of the atomic hydrogen maser using a 
superheterodyne multistage receiver, as was discussed in Sections 10.1 .6 and 
10.1.8. Ultimately, the output of a phase detector is used to servo the crystal 
oscillator to be phase coherent with the output signal of the atomic hydrogen 
maser. For this type of servo, which is phase sensitive, the frequency stability 
improves as the inverse of the averaging time t, as compared to a t~ 1/2 
dependency for frequency-lock servos such as those in the passive cesium- 
beam and hydrogen-maser standards and the rubidium gas-cell standards. In 
an active device cavity pulling is more pronounced (Viennet et al., 1972). 
Cavity pulling was discussed for passive devices in Section 10.2.3. For active 
devices it can be approximately described by the following equation: 

v - v 0 = (Q c /e,)(v c - v 0 ). (10-19) 

We note that the pulling factor translating the cavity offset into the frequency 
offset of the standard is the simple ratio of the cavity Q and the line Q, as 
contrasted to the square of this ratio for passively operating devices (devices 
operating far below the oscillating threshold). Thus, cavity pulling is much 
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more pronounced. The pulling factor in typical hydrogen masers is on the 
order of KT 3 for the translation of cavity-frequency offsets into output- 
frequency offsets. Thus, active hydrogen masers are characterized by elaborate 
designs to stabilize the microwave cavity. This stabilization can be done by 
using low-thermal-expansion materials such as pure quartz as the cavity 
material. In addition, the temperature coefficient of the cavity can be improved 
by using temperature-compensation techniques such as specially mounted end 
plates, which produce temperature coefficients essentially close to zero for a 
given temperature. In any case, it is required to place the cavity inside of a 
high-performance thermally stabilized enclosure. Such ovens may yield 
temperature stabilities of better than 1 mK. 

An alternate way to stabilize the microwave cavity's resonance frequency is 
to modulate the coefficient in the pulling equation, that is, modulate the line Q 
of the hydrogen resonance (Kleppner et ai, 1965). This method is called spin- 
exchange cavity tuning. By increasing the amount of hydrogen supplied to the 
storage bulb, an increasing number of spin-exchange collisions between the 
hydrogen atoms take place, shortening the radiation lifetime of the hydrogen 
atoms. The result is a broadening of the resonance line, that is, a decrease in the 
line Q. If the cavity is not tuned perfectly, the pulling equation leads to a 
frequency change as a result of the change in Q due to spin exchange. Thus, a 
modulation of the hydrogen-beam intensity results in a modulation of Q that 
can be used to determine the point where v - v' 0 becomes zero and the cavity is 
properly tuned. This requires monitoring the output frequency of the device to 
a very high degree of precision, which ultimately requires the use of a second 
similar device to achieve the full accuracy needed. Thus, an auto-tuned maser 
system, consisting of two hydrogen masers modulated in their hydrogen-beam 
intensity, may achieve very good long-term stabilities by keeping their 
microwave cavities tuned to the hydrogen resonance over long time periods. 

For hydrogen-beam intensities insufficient to provide self-sustained oscil- 
lations, microwave radiation, that is, its amplification, can be detected by 
using a microwave receiver, and a crystal oscillator can be servoed to the 
atomic resonance signal (Hellwig and Bell, 1972b). In this process, frequency 
or phase modulation in conjunction with either the absorption feature or the 
dispersion feature of the atomic resonance can be used to generate the 
reference signal for locking the crystal oscillator. This is the principle of the 
passive atomic hydrogen maser (Walls and Hellwig, 1976). Since the detection 
of the atomic resonance still relies on the (phase-sensitive) measurement of the 
atomic radiation, the pulling equation for the active maser still applies (as an 
approximation). Therefore, cavity stabilization is as important for a passive 
maser as for an active one, with the only difference being that lower cavity Q 
values may be used. An elegant method for cavity stabilization, which is 
applicable to the active maser as well but appears to be easier in the passive 
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mode, is the absolute probing of the cavity resonance by injecting sidebands 
into the wings of the cavity resonance and detecting any mistiming of the 
cavity. This is shown in Fig. 10-23, where two servos are employed: one at a 
high frequency above 10 kHz to probe the cavity resonance (independently 
stabilizing it) and a much slower modulation probing the hydrogen resonance, 
for example, below 1 Hz, locking the crystal oscillator to the atomic reference 
frequency. 



10.4.3 Frequency Stability and Accuracy 

It must be noted that one of the exquisite features of the atomic-hydrogen 
maser in the active mode is its exceptional frequency stability. A simple 
calculation will show that the 1-sec stability of such a device is always in the 
10 13 range; thus, in very short averaging times extremes of stability are 
achievable with the hydrogen maser. Stabilities of 10" 1 5 at 1000 sec have been 
achieved and stabilities in the 10~ 16 range have been repeatedly reported. We 
are reminded that the main reason for the superb performance of the hydrogen 
maser is the line Q, which exceeds that of the longest cesium-beam tube by 
almost an order of magnitude. Remember that the concept of optimum power, 
so convenient in the case of the cesium atomic resonator, is absent in the case of 
the hydrogen storage principle, as it was in the case of the rubidium gas cell. 
Again, we have an exponential relaxation phenomenon in the storage bulb 
which, if properly designed, is due to the escape of atomic hydrogen out of the 
storage bulb. Thus, increasing microwave power leads to interrogation of 
atoms with lesser relaxation times and corresponding line broadening, much 
as in the case of the rubidium gas cell. Again, in the passive hydrogen maser, 
the microwave power is set in such a way as to maximize the product of the line 
Q and the signal-to-noise ratio. 

Accuracy and long-term stability are limited by a perturbation discussed by 
Crampton and Wang (1974). The perturbation is caused by the presence of 
radial rf and dc magnetic field components in the storage region coupled to 
the difference in the population of the two Zeeman levels. 

One way to reduce substantially this effect is to operate at very low fields 
(e.g., 10" 6 T). However, this solution may not be practical for achieving long- 
term stability, since it requires extreme stability of the residual magnetic fields 
(e.g., 10" 11 T). A more elegant scheme is to use double state selection, which 
removes both the. 1, 1 and 1, —1 states (Audoin et ai, 1974a, b). Double state 
selection would, in principle, totally eliminate this effect. This is more feasible 
with the passive system than in an active maser because of the reduced 
requirements on beam intensity. Another approach to reduce this effect is via 
careful centering of the storage bulb. 
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As a consequence of the storage of hydrogen atoms and the resulting large 
number of wall collisions, a frequency offset is encountered. This wall shift is 
given by the mean phase shift in the radiating atom per collision divided by the 
average time between collisions (time of flight across the storage bulb). For 
fluorocarbon surfaces and a typical one-liter storage bulb, the resulting 
fractional frequency offset, or wall shift (Vanier and Larouche, 1978), is in the 
10"" 11 range. Smaller bulbs have higher wall shifts and larger bulbs lower wall 
shifts. In addition, the phase shift per collision is temperature dependent 
(Vessot and Levine, 1970a). Precise measurements of the wall shift have been 
made by using a series of bulbs of different volumes in a hydrogen maser and 
extrapolating the measured frequency values to infinite size of the storage bulb 
(Hellwig et ai, 1970). Such a measurement is depicted in Fig. 10-24, which 
yielded an absolute accuracy of 10" 12 . Thus, hydrogen masers, despite the 
available high line Q and the resulting excellent frequency stability, do not 
feature the frequency accuracy that is available from cesium-beam tubes. 

10.4.4 Other Masers 

In principle, all quantum electronic devices can be operated as masers, 
since population inversion leads to stimulated emission of radiation and 
thus operation as an amplifier. This includes the cesium, rubidium, and other 
passive standards discussed above. It may be useful here to mention only those 
devices and principles that actually achieved maser oscillations or came very 
close to it. Most notable among these is the rubidium maser (Busca et ai, 
1975). This device is built very much like the hydrogen maser, including 
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FIG. 1 0-24 Wall-shift measurement using the hydrogen maser. Plotted is the beat frequency 
v B between the maser under test and a reference oscillator. The test maser was successively 
equipped with different storage bulbs of varying diameter D. The resulting data points are 
extrapolated to D -» oo. A, good data points; •, excluded data points. 
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rubidium source, state-selecting magnet, cavity, magnetic shielding, cavity 
thermostat, and storage bulb. Among others, paraffin and polyethylene have 
been used as coating materials. Maser oscillations have been achieved by 
using sufficiently large beam intensities (Busca et al., 1973b) and substantial 
lamp powers in order to pump actively and saturate sufficiently large volumes 
of the storage bulb. Frequency stabilities of 10~ 13 have been achieved; 
however, no convincing results for medium- or long-term stability have been 
reported. The stability deteriorates beyond lOsec with t + 1/2 to t + 1 . Another 
maser device that has been operated is the deuterium maser (Wineland and 
Ramsey, 1 972) ; it operates very much like the atomic hydrogen maser except it 
is adapted to the much lower frequency of the hyperfine resonance in atomic 
deuterium. Other maser devices include the cesium maser, based on the gas- 
cell principle using optical pumping; however, its limitations are more severe 
than those of rubidium, as discussed previously. In principle, almost any 
quantum electronic system can be operated as a maser oscillator because the 
requirement for active maser oscillation can normally be fulfilled: the gain 
must exceed the losses. All lasers, of course, are maser oscillators (Siegmann, 
1971). Their use as frequency standards is discussed in Chapter 1 1. 

10.4.5 New Horizons 

It is difficult to imagine a storage-type device with a performance exceeding 
that of the hydrogen maser. This is based on the fact that the hydrogen atom is 
the smallest of all atoms and permits a maximum number of collisions with 
minimum relaxation. Therefore, the question may be asked, How can the 
atomic hydrogen maser be improved further in order to achieve higher \ine-Q 
values or other performance improvements? Efforts to reduce size, as 
illustrated in Fig. 10-25, may lead to less costly, more practical, and smaller 
devices (Peters, 1978; Wang, 1979, 1980; Mattison et al., 1979; Howe et al., 
1979; Hellwig and Pannaci, 1968). However, the reduced cavity volume (e.g., 
of a dielectric cavity) leads to less available volume for the storage container 
and thus increased wall relaxation and consequential reduction in the line Q. 
Also, the need to stabilize a dielectric cavity, with its less-controlled mode 
structure, leads to a disparity between the nominally controlled cavity 
frequency as compared to the atomic hydrogen transition frequency. This may 
cause cavity-pulling-related shifts, even though the cavity itself is stabilized. 
Conversely, the wall relaxation can be decreased and the line Q improved 
using much larger storage volumes; however, size, cost, and practicality 
rapidly decline with this approach. Line Q values of 10 10 have been achieved at 
Harvard University with an external storage bulb (Uzgiris and Ramsey, 
1968a), where the excitation is done in a cavity containing a normal-size 
storage bulb that is in communication with an external, very large storage 
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FIG. 10-25 Passive-hydrogen-maser family tree. 



volume. The excited atoms diffuse out of the cavity into the large storage 
container and return back into the cavity, producing a Ramsey-type separated 
oscillatory-field resonance. However, a device of this kind is big and costly. 
More fundamental improvements may be possible by using more efficient wall 
coatings and by further decreasing wall relaxation, allowing, even in 
conventional devices, the storage of atoms for periods far exceeding 1 sec. The 
short-term stability could be further increased were it not for the low frequency 
of the hydrogen resonance : at 1 .4 GHz receiver noise is predominant, masking 
the beam shot noise and cavity noise that actually limits the atomic hydro- 
gen's stability. Optical pumping or even optical state selection and detection 
may be an interesting solution to this problem. The key to this is the avail- 
ability of adequately stable and (in frequency) correctly placed ultraviolet 
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CAVITY WITH STORAGE BULB 
FIG. 10-26 Hydrogen-storage beam. Q ss 2 x 10 9 ; v 0 = 1.4 GHz. 



laser devices, New material-property problems may be expected due to the 
dissociative action of ultraviolet light on materials, including glasses. 

Another alternative is the hydrogen storage beam tube (Hellwig, 1970), 
which was tried but not further pursued because of the absence of an efficient 
hydrogen detector. This principle is shown in Fig. 10-26. The storage principle 
is actually retained but the hydrogen atoms are exiting again into a state- 
selecting and detecting scheme. This latter system can be conventional, using 
dipole or hexapole spatial state selection and atomic hydrogen detection. The 
basic advantage would be the reduction of cavity pulling, since the square of 
the ratio of cavity and line Q would be the pulling factor. This scheme was 
actually tried (Hellwig and Bell, 1972b), but the very high ionization potential 
of atomic hydrogen makes detection with other than universal-pressure-gauge 
or electron-bombardment-type detectors difficult. These detectors are not 
very efficient (not better than 1%) and do not sufficiently discriminate against 
different species of atoms or molecules. The only effective method, again, 
would be optical pumping combining state selection and detection. 

As we have discussed many times, the very high line Q of the hydrogen 
storage principle leads to a very low flicker-of-frequency floor as well as to 
excellent long-term timekeeping performance. The key to frequency fluc- 
tuations in the medium and long term is cavity pulling. The elimination of 
cavity pulling appears to be most elegant with the passive maser principle (and 
the use of particle detection, as discussed above). The passive principle also 
allows small, low-Q cavities with resulting reduced resonance line Q. 
Unfortunately, for the purpose of this discussion, it appears that the reduced 
sensitivity to cavity pulling due to the lower cavity Q and the passive-control 
principle is compensated by the lower line Q, which leads to increased 
susceptibility against frequency-perturbing parameter changes. Thus, it may 
be concluded that for excellence in clock performance (a very high line Q), a 
so-called full-size passive hydrogen maser appears to be the most promising 
device realization. 



10.5 OTHER MICROWAVE FREQUENCY STANDARDS 
10.5.) The Ammonia Maser 

Although the ammonia maser is no longer important, it must be mentioned 
here because of its historical role as the first of all quantum electronic devices 
known today (Gordon et ai, 1955). The basic device complexity is low. 
Ammonia can be stored easily and can be produced as a beam from any 
suitable source. The transition used is the inversion transition of the ammonia 
molecule, which corresponds to a vibrational tunneling of the nitrogen atom 
through the potential well established by the plane of the three hydrogen 
atoms (Townes and Schawlow, 1955). Because of this tunneling of the nitrogen 
atom, the resulting molecular-vibration spectrum is moved to the microwave 
region and lies between 1 8 and 26 GHz. This is a very attractive frequency for 
frequency standards from an electronic design viewpoint. As a vibrational 
transition it is, of course, an electric-dipole transition. Thus, electric-multipole 
state selectors were used, ranging from quadrupoles to many-pole systems. 
The cavity featured a simple TM 0]0 mode, with the electric field axially 
oriented and of maximum intensity along the central axis. In order to 
compensate first-order Doppler effects due to the flow of microwave energy 
along the cavity axis, double-beam devices were used. A complete beam- 
generating system was placed on either side of the cavity. Due to the difficulty 
in fully symmetrizing the beam, the resulting reduction in first-order Doppler 
effect was not substantia], with the consequence of rather limited accuracy and 
a long-term stability on the order of 10"". If the number of state-selected 
ammonia molecules is sufficiently large, the device starts maser oscillations. 

The limitations of this device relate to the complex spectrum of ammonia, 
giving rise to fine and hyperhne structure. This results in frequency offsets that 
depend on the mixture of states as a result of state-selector action. The residual 
first-order Doppler effect, as was pointed out, cannot be completely removed 
by compensation techniques such as the double-beam technique. The Ramsey 
cavity was not usable for maser oscillators because of insufficient cavity Q and 
molecular-filling factor. In addition, residual electric fields, including thermo- 
electric effects and surface charges, produced very substantial frequency shifts. 
Also, the beam densities required for oscillation were of such a magnitude that 
significant numbers of collisions within the beam occurred, leading to pres- 
sure shifts. Passive, beam-type devices, including the Ramsey cavity, were 
studied. Their practicality, however, was doomed due to the difficulty in 
selectively detecting ammonia. 

10.5.2 Trapped Ions 

Figure 10-27 shows a schematic diagram of a possible ion-storage 
configuration. Because of the great variety of not fully explored possibilities of 
injecting a microwave signal into the ion ensemble, of interrogating this ion 
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FIG. 1 0-27 Trapped-ion principle. The rf generator creates, together with the donut-shaped 
electrodes (ring electrodes), a potential well that traps charged particles. Ionization and excitation 
(particle preparation) must be done within this trap. The Doppler shift is its major limitation. 

Q as 10 8 — 10 10 ; v 0 is in the gigahertz region. 

ensemble, and of state selection, these features are omitted in the schematic. 
Ion storage is capable of featuring very high line Q's well in excess of 10'°. 
Although ions with resonance frequencies in the infrared or visible radiation 
region are typically considered, very attractive resonances can be found in the 
gigahertz region. Most importantly, this includes mercury at about 26 and 
40 GHz (Schuessler, 1971 ; McGuire, 1977). The achievement of very high line 
Q's is a result of stable storage in electromagnetic fields (Dehmelt, 1967). Two 
types of ion traps are possible. The Penning trap, using a constant magnetic 
field and an oscillating electric field, is very similar to the Penning vacuum 
gauge. However, for effective storage it requires substantial magnetic fields 
over extended regions of space and thus may be impractical. A more attractive 
and elegant solution is the radio-frequency ion trap, a doughnut-shaped ring 
with two capped electrodes, as shown in Fig. 10-27, and with an oscillating 
field applied between the caps and the ring electrode. An analysis of the 
frequency shifts due to this confinement method has shown their influence to 
be less than 10" 14 . The main drawback of this method is the difficulty in 
determining the speed of the ions, which is needed to calculate the second- 
order Doppler effect. 

Both the first- and second-order Doppler shifts could be reduced in a 
fundamental way if the atoms could be slowed down or cooled. This cooling 
was attempted by Zacharias in 1953 in his so-called fountain experiment in 
which only the very slow atoms from a diffusive cesium source were selected 
by gravity. As was discussed, the number of slow atoms available from an 
effusive source is too small to be useful, but ion traps offer the possibility of 
using radiation pressure to cool. Dehmelt has long pointed out the advantages 
of the stored-ion technique, where the confining forces are relatively benign 
and the conditions of Fig. 10-3 (Dicke regime) can be realized without sub- 
stantial perturbations. More recently, tunable, narrow-band optical sources 
that make detection of the small number of ions much easier than in the past 
are available. Typically, not many more than 10 4 ions can be stored. Cooling 



10 MICROWAVE FREQUENCY AND TIME STANDARDS 



171 



of eleclromagnetically confined atoms or ions has been demonstrated 
(Wineland et al, 1978; Neuhauser et al.. 1 978). Optical pumping appears to 
be necessary to interrogate effectively any stored-ion ensemble without 
perturbation. Other auxiliary techniques include the generation or injection 
of ions, which appears best if done by providing a relatively weak electron 
beam through the ion trap. The relative vapor pressure of the ion species 
must then be controlled largely by the residual vapor pressure of the neutral 
atoms corresponding to the ions. This is not easy considering the low ion 
density required. Since ion traps that are less than one-half the microwave 
wavelength in their dimension can be built, it appears not difficult to inject 
the microwave radiation. A simple microwave horn may be the device of 
choice. 



10.6 COMPARISON OF FREQUENCY STANDARDS 

Tables 10-4-10-7 give, in a summary fashion, a comparison of the frequency 
standards that have been constructed and tested extensively. Included are 
both laboratory-type and commercially available devices as well as quartz 
crystal oscillators. Individual units may give better or worse performance than 
indicated by the numbers in the table; the primary intent is the comparison of 
types of devices. 

10.7 APPLICATIONS 

10.7.1 Metrology and Science 

The application that has now become a classical use of precision time and 
frequency standards is the generation of time. The increasing availability of 
commercial clocks since the late 1950s caused an increasing number of 
laboratories to generate atomic time scales. The demonstrated timekeeping 
uniformity exceeded that of astronomical time by orders of magnitude. This 
led to the redefinition of the duration of the second in terms of the cesium 
resonance in 1967 (Seances, 1968). Internationally coordinated time scales are 
now maintained, including international atomic time (TAI) and coordinated 
universal time (UTC). TAI and UTC are the bases for official or legal time 
in different countries. A very important application is radio astronomy, 
in particular very-long-baseline interferometry (VLBI). In a typical VLBI 
experiment, two or more radio antennas receive signals from one or more 
stellar radio sources. The larger the distance between the locations of the radio 
antennas, the higher the resolution. However, it is essential to provide for 
coherence between these remote sites. The coherence can be provided by 
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TABLE 10-5 

Comparison of Fractional Frequency Accuracy and Principal Environmental Effects 

Fractional frequency Principal environmental 
Device Warm-up Retrace accuracy effects 



Crystal oscillator 

Oven-controlled 10-60 min 10" s 



High-performance 
(oven-controlled) 

Cesium beam 
Typical 

High-performance 
Laboratory 

Rubidium gas cell 
(small commercial) 



10" 



20-60 min 10" 



5-30 min 10" 



Hydrogen maser Hours 



10 



As manufactured, 
worse than 10" 



0.7-2 x 10"" 
7 x 10" 12 
1 x 10" 13 



5 x 10" 



1 x 10" 12 



Accelerations (g forces, 
shock, vibration), 
temperature changes, 
ionizing radiation 

Strong magnetic fields, 
large temperature 
changes 

Strong magnetic fields, 
temperature changes, 
atmospheric pressure, 
ionizing radiation 

Strong magnetic fields, 
temperature changes 



TABLE 10-6 



Comparison of Causes 


of Long-Term Instability and Resc 


nator-Limited Lifetime 


Device 


Principal causes for 
long-term instability 


Resonator-limited lifetime 


Crystal oscillator 


Aging of crystal resonator and 
electronic components, 
environmental effects 


Not limited by crystal resonator 


Cesium beam 
Typical 

High-performance 
Laboratory 


Environmental effects (some 
units continue to improve in 
stability without apparent 
limitation) 


3-10 yr 
1.5-5 yr 

Insufficient data (3 months-3 yr) 


Rubidium gas cell 


Aging of optical package and 
electronic components, 
environmental effects 


3-10 yr 


Hydrogen maser 


Cavity pulling, wall and 
spin-exchange shifts, 
environmental effects 


Insufficient no. of units; some 
have operated continuously 
for much longer than one year 



174 HELMUT HELLWIG 

TABLE 10-7 

Comparison of Basic Modular Standards 



Basic modular standard 



Estimated selling price 





Volume 


Weight 


Power demand 


for 1984" 


Device 


(cm 3 ) 


(kg) 


(W) 


(f, 1 0001 


Crystal oscillator 










Oven-controlled 


100 1000 


0.1 0.5 


Several watts 


O.d 2 


High-performance 


1000 


0.5 


Several watts 


2 4 


(oven-controlled) 










Cesium beam 










Typical 


10.000 


10 


25 


20 


High-performance 


10.000 


10 


25 


25 


Laboratory 


1,000,000 


1000 


100 


300 


Rubidium gas cell 


1000 


1 


15 


5 


Hydrogen maser 


200,000 to 


50-1000 


40 


150 




1,000,000 









Assuming no special parts or environmental requirements. 



highly stable time bases located at each antenna site. These clocks inde- 
pendently provide phase coherence over observation times of sometimes many 
hours. The recorded signals can then be compared at any time after the actual 
observation: interference fringes are produced by comparison of the two or 
more recordings. Since the observations are made in the microwave region 
and observation times of many hours are common, clock stabilities of 10 " 14 
or even better have been required in VLB1. Of particular use in this regard 
have been hydrogen-maser standards. 

An obvious major application in science is relativity. Fundamental 
experiments that observe changes in frequency and in accumulated time of 
clocks moving relative to each other and in different gravitational potentials 
have been made. Such experiments include clocks in airplanes and proposals 
for spacecraft experiments. Of particular interest (Haefele and Keating, 1972) 
have been experiments of clock ensembles flown in commercial airliners 
around the world, demonstrating experimentally about a 400-nsec time 
difference between clocks flown with the rotation of the earth compared with 
clocks flown against the rotation of the earth. A hydrogen-maser space probe 
was sent 10,000 km into space in a 4-hr flight, returning in a ballistic trajectory 
back to earth. This latter experiment (Vessot et al, 1980) has provided an 
accuracy of 10~ 4 in the validity of the gravitational red shift. 
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10.7.2 Technology 

Two general areas that benefit from the availability of accurate time and 
frequency are Navigation (position location) and Communication. Navigation 
has been a driving force in clock development for many centuries. In the past, 
new clocks often led to improved or novel navigational systems. Challenges 
facing navigational systems designed today demand new clocks that offer 
increased precision, system reliability, and insensitivity to adverse environ- 
mental perturbations. 

Navigation makes use of accurate time to establish instantaneous position, 
most often via ranging techniques. In general, locating an object such as a 
vehicle, airplane, ship, or spacecraft involves the knowledge of three coor- 
dinates, for example: longitude, latitude, and altitude. If all three coordinates 
are unknown, the knowledge of the ranges (distances) to three reference 
stations will provide the necessary information. These three stations are 
typically radio transmitters located on earth, in space, or on moving 
platforms. 

The range between the object to be positioned and the reference stations can 
be obtained by measuring the time of arrival of signals from these three 
stations. The signals travel at the speed of light, approximately 300 m/usec. A 
timing accuracy of I usee allows a positioning accuracy of + 300 m. The total 
contribution of this timing error comes from the user clock, the reference- 
station clock, changes in propagation delays, and other systematic errors. 

Timing accuracy as used in navigation usually refers to the time differential 
between the reference-station clock and the user clock. In principle, clocks can 
be set very accurately (synchronized) when they are directly compared. For 
navigational needs the question is, How well can a clock keep time accurately 
after such synchronization? In many cases clock synchronization and 
resynchronization can be accomplished using radio signals. However, pro- 
pagation delay fluctuations and other delays often severely limit the accuracy 
achieved. Equally important, the user may need to be independent from radio 
links (at least for some period of time) for reasons of reliability, security, or 
signal availability. 

State-of-the-art high-performance atomic clocks offer time errors of 
approximately lOnsec/day, 10 usec/month, and lOOusec/yr after synchro- 
nization. These data mean that a vessel can establish its position using such a 
clock to within 3 m if only one day has passed since synchronization with the 
station clocks, deteriorating to 3000 m after one month of sailing. To limit the 
maximum error, periodic resynchronizations to within 1 usee, via rf links, 
assure a position accuracy to within 300 m. Unfortunately, for many purposes 
300 m is clearly inadequate, causing a need for better clocks and re- 
synchronization systems. 



176 



HELMUT HELLWIG 



TABLE 10-8 



Navigation Needs 





Desired positioning 


Approximate timing 




accuracy 


accuracy 


Vehicle type 


(m) 


(ns) 


Small boats 


1000 


3000 


Large commercial and military ships 


100 


300 


Downed aircraft or persons 


100 


300 


Commercial aircraft in flight 


10-100 


30-300 


Deep-space probes 


10-100 


30-300 


Special military vessels 


<10 


<30 


Location of radio emitters 


10 


30 


Natural resource exploration 


10 


30 


Commercial aircraft during landing approach 


1-10 


3-30 


Military aircraft 


1-10 


3-30 


Spacecraft in earth orbit 


1-10 


3-30 


Geophysical measurements 


<1 


<3 



A major space-based navigation system is presently being deployed. It 
makes use of atomic clocks on board orbiting satellites (Institute of Naviga- 
tion, 1980). Rubidium and cesium standards are currently in operation on 
board space vehicles, and improved rubidium and cesium standards, or even 
hydrogen devices, are envisioned for the final system. 

Table 10-8 is a list of typical positioning-accuracy requirements. Our 
examples show that today's available clocks and radio navigation systems are 
in many cases quite inadequate in terms of their timing accuracy, size, weight, 
survivability, or a combination of these factors. 

In communications, knowing the frequency of one transmitter in relation to 
other transmitters, as well as the ability to maintain a certain given frequency 
over time, is important. The following are examples of where high-frequency 
stability and accuracy are required: 

(1) maintaining intelligible information such as radio and television 
transmission; 

(2) signal separation to avoid interference; 

(3) link-up of two television studios for split-screen interviews, etc., 
without noticeable deterioration of picture quality; 

(4) high-data-rate digital communications; 

(5) for pooling of electric power, line frequencies must be identical to 
prevent destructive power surges; 

(6) secure communication requires a precise frequency standard to ensure 
an a priori knowledge of the frequency and/or precise time of transmission. 
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11.1 INTRODUCTION 

In this chapter we shall concentrate on the use of the laser as a viable 
concept for frequency standards, discuss the main means of approach and 
their results, and speculate on future developments. At present, the primary 
frequency standard that has the highest accuracy is based on an atomic 
transition of 133 Cs. (The F = 4, m F = 0 -» F = 3, m F = 0 transition of 133 Cs 
corresponds to 9.19263177 GHz). Atomic frequency standards are based on a 
fundamental property of nature. The interaction of electromagnetic radiation 
with atoms or molecules leads to interchanges of energy in discrete steps, 
changing the energy of the absorbing or emitting particle between discrete 
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energy levels. The frequency v n of the emitted or absorbed photon is related to 
the energy difference between levels p and q by the relation 

hvo=W„-W p , (11-1) 

where/; ^ 6.63 x 10" 34 J sec is Planck's constant. For unperturbed atoms or 
molecules, the energies W p and W q and, therefore, the frequency v 0 can be 
regarded as constants. 

Time and frequency are closely interrelated, the unit of one being the inverse 
of the other. However, since the introduction of primary atomic frequency 
standards, the basic quantity of interest is the frequency related to the atomic 
resonance. Time intervals can then be denned by counting definite numbers of 
periods. By combining continuously running frequency sources with counters 
and storage and display devices, we obtain clocks. 

The standard of length, the meter, is defined in terms of the vacuum 
wavelength of the 0.6058-um (4.95 x 10 5 GHz) radiation from the krypton 
atom. (One meter equals 1,650,763.730 times the wavelength of the 2p l0 -5cl 5 
transition of K6 Kr.) The accuracy of the length measurement, which is limited 
by diffraction and optical imperfection, is about 4 x 10" 9 . In the microwave 
region, where the second is defined, direct frequency-measurement techniques 
are accurate to about 10" 13 . Descriptions of these primary standards can be 
found in Chapter 10. 

The development of lasers has opened the way to the use of quantum 
transitions in atomic and molecular systems in the 10 13 -10 15 -Hz frequency 
range as frequency standards. Lasers have fractional linewidths close to those 
of radio and microwave sources; at the same time, they have orders of 
magnitude higher spectral radiance as compared to incoherent sources. These 
characteristics produce an important consequence: the laser can be considered 
not only a candidate length standard but also a time-frequency standard. 
High-precision, high-S/N interferometric measurements are easily implemen- 
ted with lasers, and the results allow a connection with existing international 
standards of length. Similarly, frequency-measuring techniques are only 
limited by the accuracy of the fundamental standard and the stability of the 
source, and there indeed exists the promise of quantum-optical frequency 
standards. It therefore becomes, at least in principle, possible to build a 
combined single standard for length and time, thus avoiding the problem 
encountered in the determination of the international unit of length and time 
resulting from the use of two different spectral lines. 

From a practical point of view, this availability of a single transportable 
time-frequency and length standard is highly desirable for large-scale avail- 
ability to the technical community. As a further consequence, the existence 
of a single standard for length and time-frequency impacts upon the precision 
determination of the speed of light and other physical constants involving the 
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speed of light. Overviews of the use of lasers in time and frequency standards 
are given by Kartaschoff and Barnes (1972), Hellwig et al. (1978), and Halford 
and Hellwig (1972). 

11.2 THE POTENTIAL ROLE OF LASERS 

We can categorize the possibilities that exist for lasers to either improve or 
augment existing standards as follows: 

(1) replacement of the krypton-based wavelength standard, 

(2) replacement of the cesium frequency standard or extension of the 
frequency standard into the visible regime, or 

(3) application of the laser as a precision yardstick that can be used to 
translate a frequency standard into a length standard. 

At present, separate standards for frequency and length exist, for which the 
wavelength measurement is several orders of magnitude less precise compared 
to frequency or time. Stabilized lasers have an accuracy that is potentially 
several orders of magnitude better than that of a krypton light source. The 
reason for the higher accuracy stems mainly from the much greater coherence 
and spectral power of the laser compared to the incoherent radiation of the 
krypton line. The laser offers, therefore, the potential of a more accurate 
wavelength standard whose accuracy could approach the frequency standard. 

Frequency measurements do not suffer from instrumental limitations as do 
wavelength measurements; rather, the uncertainties are imposed by the 
sources themselves. The laser, due to its coherence and spectral power, lends 
itself to frequency measurements. Therefore, if use of separate standards for 
length and frequency were to continue, the most accurate value could possibly 
come from a frequency measurement of the laser, which is then used as a length 
standard. Figure 11-1 illustrates the application of a laser as an improved 
length standard. 

As a frequency standard the laser offers the possibility of relating the 
standard defined in the microwave frequency range to the infrared or visible 
portion of the spectrum. Highly accurate frequency synthesis among the 
microwave, infrared, and visible radiation (MR, IR, and VR) portions of the 

LENGTH STANDARD 

I = nA 



FREQUENCY 
COUNTER 



D0WN- 
C0NVERTER 



LASER 



FIG. 1 1 -1 The laser as an improved length standard: (/, length: X, wavelength; n, integer). 
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FIG. 1 1 -2 The laser as an extended frequency standard for the IR and visible region. 

frequency spectrum are possible. This ability, coupled with the possibility of 
transduction between frequency and wavelength in the IR and visible region, 
will give metrologists some new options for highly accurate measurements. In 
fact, with frequency-difference measurement techniques, stabilities approach- 
ing 10 14 are possible with the 3.39-um He-Ne laser. Therefore, it may be 
possible that the laser will replace the Cs atomic transition as a frequency 
standard in the infrared and visible region, as illustrated in Fig. 1 1-2. 

If one defines the speed of light by assigning a numerical value to c, the 
standard for length can be derived from the very precise l3 -'Cs frequency 
standard. This way a unified standard for frequency, time, and length would be 
created. We can only take the step of defining the speed of light in order to 
derive the length standard if we have an experimental possibility of measuring 
frequency and wavelength with a precision satisfactorily exceeding the 
accuracy of the inferior length standard. Figure 11-3 illustrates the use of a 
laser to relate a frequency measurement via the speed of light to the 
measurement of length. The laser would serve as a precision yardstick to 
provide a reliable basis for the measurement of length based on the frequency 
standard. 

Actually, the International Committee of Weights and Measures is 
proposing to redefine the speed of light and therefore the meter. They have 
proposed to define the speed of light as c = 299,792,458 m/sec and the meter as 



Cs 



FREQUENCY AND 
TIME STANDARD 



COMPARATOR 



LASER 



LENGTH: I = nc/v 



FIG. 11-3 Length measurement based on time and speed-of-Iight standards: c, defined 
quantity: v, defined by Cs standard: /, derived from frequency. 
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the distance light travels in 1/299,792,458 sec. This proposed standard was 
considered by the General Conference for Weights and Measures in Paris in 
October 1983 (Quinn, 1982). 



11.3 BASIC LASER CONFIGURATION 

The purpose of a frequency standard is always the generation of a periodic 
signal having a frequency that is as stable and accurate as possible. Laser 
oscillators generally do not provide very stable frequencies; the frequency can 
vary within the Doppler- and pressure-broadened gain curve of the laser 
medium. This gain curve might have a width from less than a hundred to 
several thousand megahertz, depending on the laser. Therefore, even though 
the instantaneous frequency of the laser can be measured with high precision, 
there is no reference point other than the broad gain curve whose center 
cannot be located very precisely. A solution to this problem was the 
development of the technique of saturated absorption, which allows sub- 
Doppler observation of atomic and molecular resonances. 

First recognition of the laser's potential, and specifically the proposed use of 
the narrow resonance produced by the saturation of the absorption process in 
a low-pressure gas cell, was provided by Lee and Skolnick (1967), followed by 
an extensive wave of research and investigations. 8 Figure 11-4 shows 

SATURATED 
ABSORPTION 

MIRROR He-Ne LASER METHANE CELL DETECTOR 




FREQUENCY 
LOCK 

FIG. 1 1 -4 Principle of methane-saturated absorption. 

schematically the design of a laser frequency standard. As an example, we use 
the He-Ne laser stabilized by a methane cell (Kartaschoff and Barnes, 1972). 
A gas cell filled with methane is mounted with a 3 He- 20 Ne gain medium 
between the two mirrors of a laser cavity. The He- Ne laser can be made to 

* Birnbaum (1967), White (1967), Hall (1968), Polanyi and Tobias (1968), Basov and Letokhov 
(1968a), Mielenz et at. (1968), Bloom and Wright (1966), Sosnowski and Johnson (1968), Smith et 
ai. (1967), Bagaev et al. (1968a), Barger and Hall (1969b), and Ezekiel and Weiss (1968). 



182 



RUDOLF G. BUSER AND WALTER KOECHNER 



oscillate at a frequency of approximately 88 THz (a wavelength of 3.39 urn), 
which coincides with a resonance of the methane molecule. With appropriate 
methane pressure, strong absorption occurs over the whole range of oscil- 
lation of the laser. Methane molecules in the cell interact with both running 
waves forming the standing-wave pattern, provided that their velocity is 
nearly perpendicular to the laser beam (i.e., parallel to the wave fronts). With \ 
sufficient intensity, these molecules are saturated and a narrow "hole" is 
"burned" in the absorption profile. This results in a corresponding narrow 
peak in the output of the laser -methane cell combination. A Q factor of 10 9 is 
easily obtained. A photodetector provides the resonance signal used for 
locking the laser frequency to the resonance. 

How does a laser differ from a conventional atomic frequency standard? [n 
the traditional atomic frequency standard, signals derived from crystal 
oscillators interrogate microwave hyperfine resonances in atoms. In the j 
infrared and visible radiation regions, signals derived from laser oscillators ■ 
interrogate atomic and molecular resonances ranging from electronic tran- 
sitions in atoms to molecular rotations and vibrations. 



11.4 STABILIZATION OF LASERS 

To be able to provide a quantum-optical frequency standard, we need an 

atomic molecular reference frequency in the optical frequency band. There 

are several necessary conditions : the reference must be stable and reproducible 
to the same performance as required of the standard, and the relative width of 
the reference line should be commensurate with the required stability. To 
achieve a frequency stability and reproducibility on the order of 1CT 1 3 , which 
is representative of the microwave range, one requires a spectral resonance 
with the same stability and reproducibility of the line and a relative width of 
10~ 9 -10~'°. In principle, the stability is achievable in a variety of atomic- 
molecular quantum transitions, which are in an environment where the levels 
of the transitions involved are negligibly perturbed by external fields, collision 
processes, or other interferences. This then leads automatically to low- 
pressure (10" 3 Torr) envelopes. However, conventional Doppler broadening, 
the usual major contributor to broadening, does prevent us from reaching the 
required goal, and spectral techniques have to be applied to narrow optical 
spectral lines. 

Homogeneous as well as inhomogeneous broadening in gas lasers results in 
gain curves that are typically many megahertz wide, while the cavity 
linewidths are about 1 MHz. Therefore, the frequency of the gas laser is in first 
order determined by the optical length of the cavity. The fractional frequency 
instability is proportional to fractional changes in optical pathlength: 
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dl/l ~ 10 7 is typically possible, leading to freq uency drifts of megahertz over 
periods of time of less than 1 sec for passively stabilized lasers. Use of cavity 
materials with zero expansion coefficient, cavity temperature control, and 
acoustic isolation, together with highly stable power supplies, leads to an 
optimization of this approach. As it turns out, with appropriate effort 
"passive" stabilization leads to short-term linewidths on the order of kilohertz. 
Long-term stability of laser oscillators invariably requires active control. 

The optical field inside a laser resonance is normally a standing wave 
(represented by two waves traveling in opposite directions). In the Doppler- 
broadened regime and in the case of inhomogeneous line broadening, the 
optical laser field interacts only with those atoms of the Doppler distribution, 
the Doppler frequency of which exactly matches the tuning of the field 
frequency. Laser action unavoidably induces saturated gain, that is, the 
optical field alters the population of the active level. As a consequence, the 
power-level distribution changes in a very specific fashion as a function of 
frequency (hole-burning effects). Since this interaction is fundamental for the 
frequency-stabilizing techniques in lasers, we must briefly discuss the related 
physics. 

An atom, moving with a constant Doppler velocity v component parallel to 
the electromagnetic field of frequency v, will experience a shifted frequency (as 
compared to a stationary atom); specifically, it is 

v D = v - (v/c)v. (11-2) 

Since in a laser oscillator we have two waves traveling in opposite directions, 
two holes are eaten in the profile of its power input, equidistant from the line 
center, because the to and fro running waves have the right Doppler frequen- 
cies for atoms with opposite thermal velocities. These holes are caused by a 
selective saturation of the inhomogeneously broadened line at frequencies of 

v D = v 0 /(l + v/c) « v 0 (l + v/c). (1 1-3) 

If the cavity is tuned to the center v 0 of the optical linewidth (v D = v 0 ), then 
only those atoms that have vanishing velocity components parallel to the 
resonator axis (v - 0) interact with the electromagnetic field. This results in a 
resonance dip in the center of the line, the so-called "Lamb dip." As it turns 
out, the width of the Lamb dip is at least one order of magnitude smaller than 
the Doppler width. From this concept stems the idea of combining within a 
cavity the gain medium with a separate low-pressure absorption cell, the latter 
providing a narrow absorption dip at the center of the Doppler-broadened 
line. Its origin can be explained by considerations very similar to those used 
above for the interpretation of the Lamb dip. This absorption dip results in a 
narrow peak in the center of the gain curve of the laser-absorber arrangement 
as shown in Fig. 11-5. 
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FIG. 1 1 -5 Schematic diagram of laser stabilization by the technique of molecular saturated 
absorption: (a) servocontrolled laser: (b) gain curve of the laser-absorber combination. 

This approach then allows us to satisfy all required conditions inasmuch as 
absorption may occur in transitions from the ground or nearby states to long- 
lived excited states with extremely small radiative widths. Furthermore, the 
population of ground states is normally high, providing significant absorption 
even at very low pressure: optical resonances of 10 4 -10 5 Hz are obtainable. In 
addition, the absence of excitation within the absorption cell positions the 
absorption line in a rather stable way. The major search at this point, then, is 
to determine appropriate matches of laser gain and gas absorption and to 
establish the practical capabilities of this concept. 

We shall now summarize several combinations of laser and absorption cells 
and report on the experimental results. 



1 1 .4.1 He-Ne Laser Stabilized with a Ne Cell 

The first experimental investigation of frequency stabilization using non- 
linear absorption involved the He-Ne laser (0.6328 urn) coupled with a pure 
Ne cell (0.1 Torr). An electric discharge populated the appropriate Ne level. 
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Precision tuning to 0.1 MHz, corresponding to 1/300 of the resonance width, 
was achieved. Frequency reproducibility was basically limited by the 
collision-induced shift of the absorption line (6 MHz/Torr), the discharge 
current, and other secondary effects. Short-term stability of 10" 9 was obtained 
during a period of 10" 3 sec (Lee and Skolnick, 1967: Letokov, 1967). 

1 1 .4.2 He-Ne Laser with an I 2 Cell 

Limitations in the frequency stability with reproducibility of the He-Ne 
laser with a Ne cell combination led to a search for improvements. As a result, 
the resonance of the He-Ne line (0.6328 urn) with the absorption line of I 2 
[R(127) line] was discovered (Hanes and Dahlstrom, 1969). Frequency 
stability of 10"" with 10 3 -sec integration times has been achieved, and 
reproducibility was on the order of 2 x 10"'°. 

1 1.4.3 He-Ne Laser and Methane Absorption Cell 

Better results in frequency-stabilization gas have been obtained in the 
combination of a He-Ne laser at 3.39 um with methane as the absorbing 
medium (Hall, 1968). Optimization was achieved by pressure tuning or isotope 
selection ( 22 Ne). The frequency stability and reproducibility obtained was 
10" 11 ; the width of 200 kHz at 300 K led to a long-term stability of 10" 13 
Ultimate frequency reproducibility of 10" 14 may be possible. 

11.4.4 CO z Laser with a C0 2 Absorption Cell 

Experiments with C0 2 lasers (C0 2 + N 2 + He) in the presence of a C0 2 
absorption cell led to the following: frequency reproducibility reached 10" l0 , 
short-term stability reached 10" 10 , and long-term stability reached 10" 11 for 
100-sec integration (Freed and Javan, 1970). For comparison, representative 
results are combined in Table 11-1. 



11.5 MEASUREMENT OF OPTICAL OSCILLATION 
FREQUENCIES 

Given that one has a stable oscillator, in principle the frequency measure- 
ment requires a determination of the number of zero crossings per second of 
the electromagnetic wave, which reduces to a counting of the number of cycles 
in a given period. Advanced electronics permits direct counting of up to 
1 GHz, the timing being derived by a crystal oscillator or cesium clock. At 
higher frequencies a heterodyne technique is required, where the known and 
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TABLE 11-1 

Performance Characteristics oi Saturation-Absorption-Stabilized Lasers 



Wavelength (um) 



Characteristic 


0.6328 


0.6328 


3.39 


10.6 


Laser/cell 


He-Ne 'Nc 


He-Ne/I a 


He Ne/CH 4 


co 2 /co 2 


Limiting effect broadening; shift 


6 MHz/Torr 


13 MHz/Torr 


100 MHz/mTorr 




Cell pressure (Torr) 


0.1 


0.1 


ur 2 




Temperature (K) 


300 


300 


300 


400 


Short-term stability 


10 " 


ur lu 


io-" 


IO" 10 


(IO 2 10" sec) 










Stability averaged over A' sec 




2 x 10" 


10" 13 


4 x 10"" 






(10 3 sec) 


(100 sec) 


(100 sec) 


Frequency 


10 " 


2 x lO"" 1 


10"" 


IO" 1 " 


Reproducibility 




2 x 10"" 


(10 13 best) 





unknown frequencies are mixed and the period of difference frequency then 
becomes measurable. The known "base" frequency may be extended to a 
higher frequency via nonlinear devices as an exact harmonic of a directly 
countable lower-frequency oscillation. 

There are. of course, signal-to-noise considerations that determine the 
number of steps required to proceed from a directly countable frequency to the 
frequency domain of the unknown source where heterodyning is practical. 
Furthermore, it is clear that as the frequency becomes higher, the appropriate 
harmonic-generator-mixer diode must be deployed to provide the necessary 
frequency resolution. The extension of frequency measurements into the IR, 
visible, and possibly beyond is, in fact, only possible by the invention of metal- 
on-metal point-contact diodes and their further development. 

In view of the significance of frequency measurements in the optical regime, 
we shall describe the technique employed by Jimenez and Peterson (1977). 
Figure 11-6 illustrates the approach taken in order to compare the cesium 
frequency standard with the He-Ne-laser frequency. This figure is greatly 
simplified to show only the essentials. 

To measure the frequency of methane, a chain of oscillators extending from 
the cesium frequency standard to the methane-stabilized He-Ne laser is used. 
Conventional silicon point-contact harmonic generator-mixers were used up 
to the frequency of the HCN laser. Above this frequency tungsten-on-nickel 
diodes were used as harmonic generator-mixers. 
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He-Ne LASER 
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88.376 THz 
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FIG. 11-6 Stabilized-laser frequency-synthesis chain used to compare the absorption 
frequency of the methane cell with the Cs standard (greatly simplified). 



Conventional klystrons are used to generate the four difference frequencies 
between the lasers, all stabilized by standard phase-lock techniques, and their 
frequencies are determined by cycle counting at X band. 

An interpolating counter controlled by a cesium frequency standard on the 
NBS atomic time scale counts the 10.6-GHz klystron in the transfer chain. 
This same standard is used to calibrate the other counters and the 
spectrum-analyzer tracking generator. All difference frequencies in this chain 
are either measured simultaneously or held constant. Each main chain 
oscillator has its radiation divided so that all beat notes in the chain can be 
measured simultaneously. The experiment was carried out as follows. The 
10.6-GHz klystron was phase locked to the 74-GHz klystron, which in turn 
was phase locked to the free-running HCN laser. The free-running H 2 0-laser 
frequency was monitored relative to the stabilized C0 2 -laser frequency, and 
the beat frequency between the H 2 0 and HCN lasers was measured on the 
spectrum analyzer. The frequency of the P(7) line in methane was measured 
relative to the CQ 2 wavelength. More recently, the infrared measurements 
have been extended to 260 THz with the measurement of the 1 . 1 5-um laser line 
in 20 Ne. The frequency was synthesized in nonlinear crystals of CdGeAs 2 and 
Ag 3 AsS 3 from stabilized C0 2 and the 1.1 5-um laser line of 20 Ne (Jennings 
et ai, 1979a,b). 
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FIG. 11-7 Laser frequency-synthesis chain (greatly simplified, mixers and combiners not 

shown). 



Further efforts are underway to push frequency standards further towards 
shorter wavelengths. An example using the more recently developed milli- 
meter-wave lasers and a color-center laser is given in Fig. 11-7. The output 
wavelength from dye lasers can be varied continuously over a fairly wide 
range. This increases the probability that a substance having optimal 
properties as a nonlinear absorber can be found. Up to now the fixed- 
wavelength gas lasers had to be matched with a suitable nonlinear absorption 
medium . The number of suitable pairs of amplifying and absorbing elements is 
relatively small. Therefore, the tunable dye laser offers new possibilities in 
achieving high stabilities. Further articles on frequency synthesis can be found 
in Wells et al. (1972), Evenson et al. (1970, 1972a), Hull (1978), and McDonald 
et al. (1971). An excellent review of microwave-to-infrared frequency chains 
was recently given by Baird (1983). 

It should be noted that tunable lasers can greatly simplify a frequency 
synthesis and measurement system. This is one of the reasons why Soviet 
research in frequency synthesis in the optical range has concentrated on the 
development of cw color-center lasers . Tunable lasers utilizing color centers in 
L i F crystals, emitting in the region of 1 um, are particularly valuable. Tunable 
radiation can be generated in different parts of the spectrum by transforming 
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the frequencies of F-center lasers via sum and difference frequencies. The use of 
color-center lasers for the synthesis and measurement of near-infrared and 
visible frequencies removes a number of difficulties and may make it possible 
to implement specific optimized systems with a minimum number of 
oscillators and nonlinear devices. Frequency synthesis schemes utilizing 
F-center lasers are described by Bagaev et al. (1982). 



11.6 FUTURE PROSPECTS AND PROBLEMS 

Progress so far has made the laser the most stable and reproducible source 
of electromagnetic oscillation. However, the long-term frequency stability of 
better than 10~ 14 and the reproducibility of 10' 13 do not represent the 
ultimate limits. For example, the use of narrow resonances in atomic and 
molecular beams would probably reduce the effect of collisions significantly 
(but also increase complexity). A search for quantum transitions without 
hyperfine structure but with sufficient absorption should be actively pursued. 
Coupled with this is the need for practical fine- and coarse-tunable lasers, 
where there is a renewed emphasis in conjunction with other applications. 
Other nonlinear processes in multiple quantum transitions using possibly 
forbidden transitions need exploration and if successful may, in fact, lead to 
frequency reproducibility in the 10~ 1 5 — 10~ 1 6 range. Perhaps most signi- 
ficantly, the chain process in the context of frequency synthesis must be 
simplified. For example, it has been recently proposed that it may be feasible to 
obtain a one-step frequency division from optical or infrared laser frequencies 
to a subharmonic in the microwave regime (Wineland, 1979). In this concept 
the cyclotron orbit of a single electron in a Penning discharge is driven with a 
laser beam of Gaussian cross section focused to a spot diameter on the order 
of the pump wavelength. The laser subharmonic frequency is measured from 
the electron synchrotron radiation. This approach, aside from its conceptual 
simplicity, has other significant advantages. It is known that in frequency 
multipliers of order N the noise spectral density increases with N 2 relative to 
the carrier. With the technique considered here (frequency divider), the noise 
decreases relative to the carrier and basically appears to be limited by the 
electronic circuit noise within the detection schemes. 

In addition, new concepts pushing the performance potential of frequency 
(and time) standards to its ultimate are under consideration. For example, it 
has been proposed to locate an individual ion in the center of a small rf 
quadrupole trap, where the ion may be put into a complete state of rest 
without any external interference (Dehmelt, 1981). Similarly, the location and 
charge of appropriate ions in a Penning trap and the application of laser 
cooling may lead to optical frequency standards better than 1 part per 10 15 



190 



RUDOLF G. BUSER AND WALTER KOECHNER 



and frequency stabilities at least 10 times better. Ultimately, of course, there is 
the Heisenberg uncertainty principle, which limits all physical effects. 

In a slightly different vein, one interesting approach has been pursued by 
Facklam (1982). His work involves the combination of a high-accuracy 
He-Ne ring-laser gyro and a high-accuracy clock. 

In summary, laser technology and concepts so far have led to frequency 
standards in the visible region, and if pushed they may be developed at still 
higher frequencies. It is equally true that the prospects of reaching the 10 15 
range within the next decade are excellent. These results will significantly 
impact upon time-length-standard development and to wherever the ultimate 
accuracy of physical standards is important. From a more practical point of 
view, a significant development effort (in addition to basic work) will still have 
to be invested before the laser frequency standard can be used in system 
applications on a large scale. 
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12.1 CONCEPTS, DEFINITIONS, AND MEASURES 
OF STABILITY 

This chapter deals with the measurement of the frequency or time stability 
of precision oscillators. It is assumed that the average output frequency is 
determined by a narrow-band circuit so that the signal is very nearly a sine 
wave. To be specific, it is also assumed that the output is a voltage, which is 
conventionally (Barnes et ai, 1971) represented by the expression 

V(t) = [K„ + e(f)] sin[27tv 0 t + 0(f)], (12-1) 
where V 0 is the nominal peak voltage amplitude, t:(t) the deviation of 
amplitude from nominal, v„ the nominal fundamental frequency, and <p(t) the 
deviation of phase from nominal. 

When either specifying or measuring the noise in an oscillator, one must 
consider the nature of the reference. This may be either a passive circuit such 
as a narrow-band filter, another similar oscillator, or a set of oscillators, 
synthesizers, and other signal-generating equipment. A reference with lower 
noise than the device under test may be available, and in this case the 
expressions developed in this chapter describe the noise in the oscillator 
alone. However, a state-of-the-art device will have lower noise than any 
available reference. In this case all the expressions below refer to the sum of 
device and reference noise. The most common approach to solving this 
problem is to compare two or more nearly identical devices. Under most 
circumstances it is then reasonable to assume that each oscillator contributes 
half of the measured noise. 

The most direct and intuitive method of characterizing the properties of 
a signal is to determine the two-sided spectrum of V{t), which is denoted 
Sl s ( f) (Rutman, 1978). The variable / is called a Fourier frequency and is 
very closely related to the concept of a modulation frequency. A positive 
/ indicates a frequency above the carrier frequency v 0 , while a negative/ 
indicates a frequency lower than the carrier. Since the noise can in theory 
modulate the carrier at all possible frequencies, a continuous function is 
required to describe the modulation of V(t). S is called a spectral density and 
Sy s (/) is the mean-square voltage <K 2 (t)> in a unit bandwidth centered at/. It 
is proportional to the rf power per unit bandwidth delivered by the oscillator 
to a matched load. The total signal power is proportional to the mean square 
voltage, which is also called the variance of the signal since the mean value of 
V(t) is zero. The variance is therefore equal to the two-sided spectral density 
integrated over all frequencies. 

The two-sided spectrum is usually measured by an rf spectrum analyzer, a 
device that functions like a bandpass filter followed by a bolometer, as shown 
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FIG. 12-1 An if sped rum analyzer. The device produces an output proportional to the 
mean-square value of the signal passing through a tunable narrow-band filter centered at 
frequency /„. 



in Fig. 1 2-1. The spectrum of the filtered voltage V'(t) is equal to the square 
of the magnitude of the filter transfer function H{f-f 0 ) multiplied by the 
spectrum of the input signal (Cutler and Searle, 1966). The variance of the 
filtered voltage is obtained from Parseval's theorem: 

aUf 0 )= I" |H(/-/ 0 )ra/)# (12-2) 

If the bandpass filter is sufficiently narrow, so that Sy S (/) changes negligibly 
over its bandwidth, then Eq. (12-2) may be inverted. With this assumption, 
the power spectrum is estimated from the measurement using Eq. (12-3): 

S?Uo) = ° 2 v\fo)IB, (12-3) 

where B = \ ' , Hi / - f 0 )\ 2 df is the noise bandwidth of the filter and f 0 its 
center frequency. Figure 12-2 shows a typical two-sided rf spectrum. For 
many oscillators the spectrum has a Lorentzian shape, that is, 

S .s m _ 2 <J^>A^j i _ (12 . 4) 

^ (/) -i+(./;/(A/3 dB /2)) 2 - ( ] 

The Lorentzian lineshape is completely described by the mean square voltage 
(V 2 } and the full width at half maximum A/ 3dB . 
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FIG. 12-2 the rf spectrum of a signal. It is often useful to divide the spectrum into the 
carrier and the noise pedestal. The spectral density of the carrier exceeds that of the noise 
pedestal for Fourier frequencies smaller in magnitude than /j . 
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12.1.1 Relationship between the Power Spectrum and the 
Phase Spectrum 

The power spectrum differs from a delta function 5( f) due to the presence 
of the amplitude- and phase-noise terms, e(f) and (/>(t), respectively, included 
in Eq. (12-1). Usually the noise modulation separates into two distinct 
components, so that one observes a very narrow feature called the carrier 
above the level of a relatively broad pedestal. The frequency that separates 
the carrier and pedestal is denoted f. Below this frequency the spectral 
density of the carrier exceeds that of the pedestal. Assuming that the ampli- 
tude noise is negligible compared to the phase noise and that the phase 
modulation is small, the relationship between the power and phase spectra 
is given by (Walls and DeMarchi, 1975) 

S^ s (f) is the two-sided spectrum of the phase fluctuations, which divides 
into a carrier component Sj s c (/) and a pedestal component Sjf p (/): 1(f) is 
given by 



/(/«) 



"c)=| W/W/'^ j' S4f)df (12-6) 

since above f the pedestal dominates the noise spectrum. The variance of the 
carrier is equal to ( V^/2)e' HJc \ with the remaining variance in the pedestal. If 
Av p is the width of the pedestal and Av c the width of the carrier, then the 
power density in the carrier is equal to that in the pedestal when /(/ c ) = 
ln(Av p /Av c ). For the pedestal, one may use the 3-dB linewidth for Av p 
provided that j}° S^(f) df < In 2. Otherwise the pedestal width is estimated 
from S/f) df = In 2. For the carrier, the linewidth is estimated by 
calculating \T y j 2 S^JJ)tf = In 2. 

The foregoing analysis makes it possible to draw certain conclusions 
concerning detection of the carrier. We use j p df to denote the integral over 
the phase noise pedestal. If J p S^f) df < In 2, then the carrier may be resolved 
irrespective of detector bandwidth. When ln(Av p /Av c ) > j p S^ f) df > In 2, 
the carrier may be resolved by restricting the detection bandwidth. But when 
J P ■V/) df > ln(AVp/Av c ), the carrier can no longer be distinguished from the 
pedestal since its spectral density is smaller. 



12.1.2 The IEEE Recommended Measures of Frequency Stability 

By the mid-1960s the problem of the specification of precision oscillators 
had become extremely important, but there was very little uniformity among 
manufacturers, metrologists, and applications engineers in the methods of 
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performing measurements or the deseription of measurement results. This 
situation was complicated by the difficulty of comparing the various 
descriptions. A measure of stability is often used to summarize some 
important feature of the performance of the standard. It may therefore not be 
possible to translate from one measure to another even though the respective 
measurement processes are fully described and all relevant parameters are 
given. This situation resulted in a strong pressure to achieve a higher degree 
of uniformity. 

In order to reduce the difficulty of comparing devices measured in separate 
laboratories, the IEEE convened a committee to recommend uniform 
measures of frequency stability. The recommendations made by the com- 
mittee are based on the rigorous statistical treatment of ideal oscillators that 
obey a certain model (Barnes et a/., 1971). Most importantly, these oscillators 
are assumed to be elements of a stationary ensemble. A random process is 
stationary if no translation of the time coordinate changes the probability 
distribution of the process. That is, if one looks at the ensemble at one instant 
of time, then the distribution in values for a process within the ensemble is 
exactly the same as the distribution at any other instant of time. The elements 
of the ensemble are not constant in time, but as one element changes value 
other elements of the ensemble assume previous values. Thus, it is not 
possible to determine the particular time when the measurement was made. 

The stationary noise model has been adopted because many theoretical 
results, particularly those related to spectral densities, are valid only for this 
case. It is important for the statistician to exercise considerable care since 
experimentally one may measure quantities approximately equal to either the 
instantaneous frequency of the oscillator or the instantaneous phase. But the 
ideal quantities approximated by these measurements may not both be 
stationary. The instantaneous angular frequency is conventionally defined as 
the time derivative of the total oscillator phase. Thus, 

o>{t) = 7-Ov 0 f + 0(f)], (12-7) 
lit 

and the instantaneous frequency is written 

v(t)=v 0 + ^ <k t. (12-8) 
27t at 

For precision oscillators, the second term on the right-hand side is quite 
small, and it is useful to define the fractional frequency 
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where 

x{t) = <l)(t)/2n\< 0 (12-10) 

is the phase expressed in units of time. Alternatively, the phase could be 
written as the integral of the frequency of the oscillator: 

0(f) = 0o + f 27t[v(0) - v 0 ] rffl. (12-11) 
Jo 

However, the integral of a stationary process is generally not stationary. 
Thus, indiscriminate use of Eqs. (12-7) and (12-11) may violate the assump- 
tions of the statistical model. This contradiction is avoided when one 
accounts for the finite bandwidth of the measurement process. Although a 
more detailed consideration of the statistics goes beyond the scope of this 
treatment, it is very important to keep in mind the assumption that lie behind 
the statistical analysis of oscillators. In order to analyze the behavior of real 
oscillators, it is necessary to adopt a model of their performance. The model 
must be consistent with observations of the device being simulated. To make 
it easier to estimate the device parameters, the models usually include certain 
predictable features of the oscillator performance, such as a linear frequency 
drift. A statistical analysis is useful in estimating such parameters to remove 
their effect from the data. It is just these procedures for estimating the 
deterministic model parameters that have proved to be the most intractable. 
A substantial fraction of the total noise power often occurs at Fourier 
frequencies whose periods are of the same order as the data length or longer. 
Thus, the process of estimating parameters may bias the noise residuals by 
reducing the noise power at low Fourier frequencies. A general technique for 
minimizing this problem in the case of oscillators actually observed in the 
laboratory is discussed below. 

It has been suggested that measurement techniques for frequency and time 
constitute a hierarchy (Allan and Daams, 1975), with the measurement of the 
total phase of the oscillator at the peak. Although more difficult to measure 
with high precision than other quantities, the total phase has this status 
owing to the fact that all other quantities can be derived from it. 
Furthermore, missing measurements produce the least deleterious effect on a 
time series consisting of samples of the total phase. Gaps in the data affect the 
computation of various time-dependent quantities for times equal to or 
shorter than the gap length, but have a negligible effect for times much longer 
than the gap length. The lower levels of the hierarchy consist of the time 
interval, frequency, and frequency fluctuation. When one measures a quan- 
tity somewhere in this hierarchy and wishes to obtain a higher quantity, it is 
necessary to integrate one or more times. In this case the problem of missing 
data is quite serious. For example, if frequency is measured and one wants to 
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know the time of a clock, one needs to perform the integration in Eq. (12-1 1). 
The missing frequency measurements must be bridged by estimating the 
average frequency over the gap, resulting in a time error that is propagated 
forever. Thus, it is preferable to always make measurements at a level of the 
measurement hierarchy equal to or above the level corresponding to the 
quantity of principle interest. In the past this was rather difficult to do. 
Measurement systems constructed from simple commercial equipment suf- 
fered from dead time, that is, they were inactive for a period after performing 
a measurement. To make matters worse, methods for measuring time or 
phase had considerably worse noise performance than methods for measur- 
ing frequency. As a result, many powerful statistical techniques were 
developed to cope with these problems (Barnes, 1969; Allan, 1966). The effect 
of dead time on the statistical analysis has been determined (Lesage and 
Audoin, 1979b). Other techniques have been developed to combine short 
data sets so that the parameters of clocks over long periods of time could be 
estimated despite missing data (Lesage, 1983). The rationale for these 
approaches is considerably diminished today. Low-noise techniques for the 
measurement of oscillator phase have been developed. Now, commercial 
equipment is capable of measuring the time or the total phase of an oscillator 
with very high precision. Other equipment exists for measuring the time 
interval. These devices use the same techniques that were previously 
employed for the measurement of frequency and are very competitive in 
performance. 

The proliferation of microcomputers and microprocessors has had an 
equally profound effect on the field of time and frequency measurement. 
There has been a dramatic increase in the ability of the metrologist to acquire 
and process digital data. Many instruments are available with suitable 
standard interfaces such as 1EEE-583 or CAMAC (IEEE, 1975) and 
IEEE-488 (IEEE, 1978). As a result, there has been a dramatic change in 
direction away from analog signal processing toward the digital, and this 
process is accelerating daily. Techniques once used only by national 
standards laboratories and other major centers of clock development and 
analysis are now widespread. Consequently, this chapter will focus first on 
the peak of the measurement hierarchy and the use of digital signal 
processing. But the analysis is directed toward estimating the traditional 
measures of frequency stability. Considerable attention will be paid to 
problems associated with estimating the confidence of these stability meas- 
ures and obtaining the maximum information from available data. 

The IEEE has recommended as its first measure of frequency stability the 
one-sided spectral density S y (f) of the instantaneous fractional-frequency 
fluctuations v(f). It is simply related to the spectral density of phase fluctua- 
tions since differentiation of the time-dependent functions is equivalent to 
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multiplication of their Fourier transforms by joy. 

SyU) = (//v 0 ) 2 W) = (2nf) 2 SJf). (12-12) 

Section 12.1.1 on the relationship between the power spectrum and the 
phase spectrum described the analog method for the measurement of a 
spectral density. If a voltage Vis the output of the oscillator, then the result of 
the measurement is proportional to the rf power spectral density. But if the 
voltage were proportional to the frequency or phase of the oscillator, then the 
result of the measurement would be proportional to the spectral density of 
the frequency or phase. The most common units of S^f) are radians squared 
per hertz. 

Alternatively, the spectral density can be obtained by digital analysis of the 
signal. For example, the quantity S x (f) can be calculated from the Fourier 
transform of x(f). The relevant continuous Fourier-transform pair is defined 
as follows: 

X(f) = f x{t)e- j2 " J, (lt (12-13) 

and 

However, one does not generally have continuous knowledge of the phase of 
the oscillator. Since it is relatively easy to measure x(f) at equally spaced time 
intervals, we assume the existence of the series x,, where x, = x(h) for integer 
values of /. The discrete Fourier transform is defined by analogy to the 
continuous transform (Cochran et ai, 1967): 

*(/)= t Al)e~ i2nI1 . (12-15) 

In practice the time series has finite length T consisting of N intervals of 
length t, and it is not possible to compute the infinite sum. Nevertheless, it 
remains possible to compute a spectrum that is not continuous in/ but rather 
has resolution Af, where 

A/= \/T= l/Nr. (12-16) 

The need to sum over all values of the index / is removed by assuming that the 
function x(t) repeats itself with period T. The resulting spectrum contains no 
information on the spectrum at Fourier frequencies less than 1/T. Truncation 
of the time series also introduces spurious effects due to the turn-on and turn- 
off transients. These problems can be minimized through the use of a window 
function. The computed spectrum is actually the square of the magnitude of 
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the window function multiplied by the desired spectrum. The use of a window 
function reduces the variance of the spectrum estimate at the expense of 
smearing out the spectrum to a small degree. With these changes but no 
window function, we arrive at the discrete finite transform 

1 IV- 1 

X(nAf) = -~ £ x{kT)e- i2nnAfl ". (12-17) 

N k = 0 

The spectral density of x(t) is computed from Eq. (12-17) by squaring the real 
and imaginary components, adding the two together, and dividing by the 
total time T: 

S xim Af) = {W™*m 2 + {Wrn* m > (1218) 

The digital method of estimating spectral densities has many advantages 
over analog signal processing. Most important is the fact that it may be 
computed from any set of equally spaced samples of a lime series. As a result, 
the technique is compatible with other methods of characterizing the signal, 
that is, the sampled data can be stored and processed using a variety of 
algorithms. In addition, each record of length Tproduces a single estimate of 
the spectrum for each of the N frequencies Af, 2 Af, . . ., N Af. It is therefore 
possible to estimate the entire spectrum much more quickly using the digital 
technique than it would be using analog methods. The fast Fourier 
transform, a very efficient algorithm for the computation of the discrete finite 
transform, has opened the way to versatile self-contained, commercial 
spectrum analysis. It is also very straightforward to compute the spectrum 
from data acquired by computerized digital data acquisition systems. 

A result of the finite sampling rate is that the upper frequency limit of the 
digital spectrum analysis is 1/2t, called the Nyquist frequency (Jenkins and 
Watts, 1968). Power in the signal being analyzed that is at frequencies higher 
than the Nyquist frequency affects the spectrum estimate for lower frequen- 
cies. This problem is called aliasing. The out-of-band signal is rejected by 
only approximately 6 dB per octave above the Nyquist frequency. Thus, 
when significant out-of-band signals exist, they must be reduced by analog 
filtering. One or more low-pass filters are usually sufficient for this purpose. 

As its second measure of frequency stability, the IEEE recommended the 
sample variance fff,(x) of the fractional-frequency fluctuations. It is a measure 
of the variability of the average frequency of an oscillator between two 
adjacent measurement intervals. The average fractional-frequency deviation 
v k over the time interval from t k to t k + x is defined as 

y k = 1 T y(t)dt, (12-19) 
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TIME 

FIG. 12-3 Measurement process for the computation of the sample variance. The phase 
difference between two oscillators is plotted on the ordinate. The measurement yields a set of 
frequencies averaged over equal intervals t separated by dead time T— r. 



from which it follows that 

h = x(t k + r)-x(t k ) (12 20) 

T 

The quality x is often referred to as the sampling time or the averaging time. 
Equations (12-19) and (12-20) are not the only way to define mean frequency, 
but they are the simplest. Other definitions lead to alternative measures of 
stability that may have desirable properties. 

Suppose that one has measured the time or frequency fluctuations between 
a pair of precision oscillators and a stability analysis is desired. The process is 
illustrated in Fig. 12-3. These are N values of the fractional frequency v f . 
Each one is measured over a time t, and measurements are repeated after 
intervals of time T. If the measurement repetition time exceeds the averaging 
time, then there is a dead time equal to T- t between each frequency 
measurement, during which there is no information available. 

There are many ways to analyze these data. A fairly general approach is the 
N-sample variance defined by the relation 

where the angle brackets denote the infinite time average. Frequently, Eq. 
(12-21) does not converge as N -» oo, since some noise processes in oscillators 
diverge rapidly at low Fourier frequencies. This implies that the precision 
with which one estimates the variance does not improve simply as the sample 
size is increased. For this reason, the two-sample variance with no dead time 
is preferred. Also called the Allan variance, it converges for ail the major 
noise types observed in precision oscillators. It may be written as 

<x y 2 (T) = <kv* + , -v k ) 2 >. (12-22) 
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FIG. 1 2-4 iV-sampk variance versus Allan variance. The two-sample variance converges for 
the important types of noise observed in frequency standards but the ratio of the traditional 
variance to the two-sample variance is an increasing function of sample size for flicker frequency 
noise and random-walk frequency noise. 

The dependence of the classical variance on the number of samples is shown 
in Fig. 12-4 for the case of no dead time. The quantity plotted is the ratio of 
the <V-sample variance to the Allan variance. Note that aj(x) has the same 
value as the classical variance for the white-noise frequency modulation. 
However, the classical variance grows without bound for flicker-frequency 
and random-walk-frequency noises. 

One may combine Eqs. (12-20) and (12-22) to obtain an equation for a y (x) 
in terms of the time-difference or time-deviation measurements: 

= <fr" 2 W + 2t) - 2x(t + t) + x(t)fy. (12-23) 

N discrete time readings may be used to estimate the variance 

where i denotes the number of the measurement in the set of N and the 
nominal spacing between measurements is x. Since it has been assumed that 
there is no dead time between measurements, one can write x in Eq. (12-24) as 
an integer multiple of t 0 , that is, x = mx 0 , where t 0 is the smallest spacing of 
the data. In this case 
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12.1.3 The Concepts of the Frequency Domain and the Time Domain 

Spectral densities are measures of frequency stability in what is called the 
frequency domain since they are functions of Fourier frequency. The Allan 
variance, on the other hand, is an example of a time-domain measure. In a 
strict mathematical sense, these two descriptions are connected by Fourier 
transform relationships (Cutler and Searle, 1966). However, for many years 
the inadequacy of measurement equipment created artificial barriers between 
these two characterizations of the same noise process. As a result, many 
specialized techniques have been developed to translate between the various 
measures of stability (Allan, 1966; Burgoon and Fischer, 1978). The preceding 
sections have demonstrated how easily both types of stability measures can 
be computed from the same data provided that the measurement process 
provides complete information. For example, both o-^(mr 0 ) and S x (m A/') can 
be computed from evenly spaced samples of x(t). However, incomplete 
information can result from either measurement dead time or interruptions in 
the data acquisition process. In these cases translation techniques remain 
valuable. 

Both the spectral density and the Allan Variance are second-moment 
measures of the time series x(f). However, it is only possible to translate 
unambiguously from the spectral density to the Allan variance, not the 
reverse. To calculate the spectral density it is necessary to use the autocor- 
relation function of the phase. The following discussion on power-law noise 
processes further demonstrates this dichotomy. As we shall see, the Allan 
variance for a fixed measurement bandwidth does not distinguish between all 
of the noise processes that are commonly observed in precision oscillators. 

12.1.4 Translation between the Spectral Density of Frequency 
and the Allan Variance 

The power-law model is most frequently used for describing oscillator 
phase noise. It assumes that the spectral density of frequency fluctuations is 
equal to the sum of terms, each of which varies as an integer power of 
frequency. Thus, there are two quantities that completely specify S y (f) for a 
particular power-law noise process: the slope on a log-log plot for a given 
range of/ and the amplitude. The slope is denoted by a and therefore f is the 
straight line on a log-log plot that relates S/f) to/. The amplitude is denoted 
h x . When we examine a plot of the spectral density of frequency fluctuations, 
we represent it by the addition of all the power-law processes (Allan, 1966; 
Vessot et al., 1966) with the appropriate coefficients: 

W= I Kf- (12-26) 



204 



SAMUEL R. STEIN 



TABLE 12-1 



Correspondence between Common Power-Law Spectral Densities and the 
Allan Variance" 



Noise type 


s,</) 




While phase 


M' 2 


y„h 2 l(2K) 2 z 2 


Flicker phase 


*./ 


[1.038 + 3111(2^1)], 1 
(2n) 2 


White frequency 






Flicker frequency 


*-,/-' 


2 ln(2)fc_, 


Random-walk frequency 


h-j- 2 


i(27t) 2 / 1 . 2 r 



" Where necessary for convergence the spectral density has been assumed to 
be zero for frequencies greater than the cutoff frequency /,,. 



This technique is most valuable when only a few terms in Eq. (12-26) are 
required to describe the observed noise and each term dominates over several 
decades of frequency. This situation often prevails. Five power-law noise 
processes (Allan, 1966; Vessot et ai, 1966) are common with precision 



oscillators: 

(1) random-walk frequency modulation a = — 2 

(2) flicker frequency modulation z = - 1 

(3) white frequency modulation a = 0 

(4) flicker phase modulation a = 1 

(5) white phase modulation a = 2 



The spectral density of frequency is an unambiguous description of the 
oscillator noise. Thus, the spectrum can be used to compute the Allan 
variance (Barnes et al., 1971): 

2 r°° 

al\x) = ^ S^ f) sinVfi) df. ( 1 2-27) 

However, Eq. (12-27) shows that the Allan variance is very sensitive to the 
high frequency dependence of the spectral density of phase, thereby neces- 
sitating a detailed knowledge of the bandwidth-limiting elements in the 
measurement setup. The integral has been computed for each of the power- 
law noise processes, and the results are summarized in Table 12-1 (Barnes et 
ai, 1971). For a in the range — 2 < a < 0, the Allan variance is proportional 
to t' 1 , where = — a — 1. When the log of the Allan variance is plotted as a 
function of the log of the averaging time, the graph also consists of straight- 
line segments with integer slopes. However, Table 1 2-1 also shows that even if 
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the oscillator is reasonably modeled by power-law spectra, it is not practical 
to distinguish between white phase noise and flicker phase noise from the 
dependence of the Allan variance on x. In both cases a;. ~ 1/t 2 . 



12.1.5 The Modified Allan Variance 

Table 12-1 also shows that the Allan variance has very different bandwidth 
dependence for white phase noise and flicker phase noise. Therefore, these 
noise types have been distinguished by varying the bandwidth of the 
measurement system. If x(t) were measured, the noise type could be identified 
by computing the spectrum. However, both the approach of making 
measurements as a function of bandwidth and the computation of the 
spectrum can be avoided by calculating a modified version of the Allan 
variance. The algorithm for this variance has the effect of changing the 
bandwidth inversely in proportion to the averaging time (Snyder, 1981; Allan 
and Barnes, 1981). 

Each reading of the time deviation x f has associated with it a measurement- 
system bandwidth/ h . Similarly, we can define a software bandwidth/, = fjn, 
which is \/n times narrower than the hardware bandwidth. It can be realized 
by averaging n adjacent x/s. Based on this idea it is possible to define a 
modified Allan variance that allows the reciprocal software bandwidth to 
change linearly with the sample time x: 



mod ct v 2 (t) = —j 
2t 



1 " 

- X K + 2« - 2.x, ^„ + X,) 



(12-28) 



wherer = nx 0 . Equation (12-28) reduces to Eq. (1 2-23) for n = 1. One can see 
that mod af,(x) is the second difference of three time values, each of which is a 
nonoverlapping average of n of the x,'s. As n increases the software 
bandwidth decreases asfjn. 

For a finite data set of N readings of x, (i = 1 to N), mod <j*(x) can be 
estimated from the expression 

m ° d ^ ^ 2 xV(N = 3n + ~T) N If "X iXi + 2 " " ^ + X,)2 - 

(12-29) 

which is easy to program but takes more time to compute than the 
corresponding equation (12-24) for <j 2 (t). 

Table 12-2 gives the relationship between the time-domain measure 
mod <t;;(t) and its power-law spectral counterpart. In the right-hand column 
are the asymptotic values of the ratio of the modified Allan variance to the 
Allan variance. It is clear from the table that mod <t 2 (t) is very useful for white 
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TABLE 12-2 

Correspondence belween Common Power-Law Spectral Densities and the Modified Allan 
Variance" 



Noise type S y (f) mod Gy(z) maiallal 



White phase 


h 2 f 2 


¥h 1 


n 




2 n(2n) 2 t 5 


Flicker phase 


*./ 


( [1.038 + 3ln(2<r)] 1 


1 




White frequency 


ho 




0.5 


Flicker frequency 


*-,/-' 


h .,(0.936) 


0.674 


Random-walk frequency 




/i_ 2 (5.42)t 


0.824 



" Where necessary the spectral density has been assumed to be zero for frequencies greater than 
the cutoff frequency / . The constant n is the number of adjacent phase values that are averaged 
to produce the bandwidth reduction. The values in the last two columns are for the asymptotic 
limit it —* /..In practice. n only needs to be 10 or larger before the asymptotic limit is approached 
within a few percent. When ft = 1 the ratio in the last column is I in all cases. 



phase modulation and flicker phase modulation, but for a < 1 the con- 
ventional Allan variance gives both an easier-to-interpret and an easier-to- 
calculate measure of stability. 

It is interesting to make a graph of a versus n for both the ordinary Allan 
variance and the modified Allan variance, such as the one shown in Fig. 12-5. 

3 
2 



a o 



-2 
-3 

-4 -3-2-10 1 2 

H- 

FIG. 12-5 Relationship between a power-law spectral density whose slope on a log- log plot 
is a. and the corresponding sample variance whose slope on a log-log plot is \i. The solid line 
describes the behavior of the Allan variance, while the dashed line shows the advantage of the 
modified Allan variance for white phase noise and flicker phase noise. 
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This graph allows one to determine power-law spectra for noninteger as well 
as integer values of a. In the asymtotic limit the equation relating /< and a for 
the modified Allan variance is 

a = -/' ~ I for -3<a<3. (12-30) 

12.1.6 Determination of the Mean Frequency and Frequency Drift 
of an Oscillator 

Before the techniques of the previous four sections can be meaningfully 
applied to practical measurements, it is necessary to separate the deter- 
ministic and random components of the time deviation x(r). Suppose, for 
example, that an oscillator has significant drift, such as might be the case for a 
quartz crystal oscillator. With no additional signal processing, the Allan 
variance would be proportional to t 2 . The variance of the Allan variance 
would be very small, further demonstrating that deterministic behavior has 
been improperly described in statistical terms and the oscillator's predict- 
ability is much better than the Allan variance indicated. Unfortunately, it 
is difficult to estimate the oscillators deterministic behavior without intro- 
ducing a bias in the noise at Fourier frequencies comparable to the inverse 
of the record length. In practice, it has been sufficient to consider two 
deterministic terms in x(r): 

x(t) = x 0 + (Av/v 0 )r + i-D; 2 + x,(f) (12-31) 

The first term on the right-hand side is the synchronization error. The second 
term is due to imperfect knowledge of the mean frequency and is sometimes 
called syntonization error. The quadratic term, which results from frequency 
drift, is the most difficult problem for the statistical analysis because the Allan 
variance is insensitive to both synchronization and syntonization errors. 

For white noise, the optimum estimate of the process is the mean. 
Therefore, a general statistical procedure that can be followed is to filter the 
data until the residuals are white (Allan et al, 1974; Barnes and Allan, 1966). 
For example, at short times the frequency fluctuations of atomic clocks are 
usually white. Taking the first difference of Eq. (12-31), we find that 

Av Xl (t + t) - x,(f) 
y(t) = ~ r + Dt + ^ !U, ( i2-32) 

and a linear least square fit to the frequency data yields the optimum estimate 
of Av. However, the drift in atomic clocks is generally so small that the value 
obtained for D will not be statistically significant when t is small enough to 



208 



SAMUEL R. STEIN 



satisfy the assumption of white frequency noise. Thus, we are led to consider 
the first difference of the frequency, 

fit : t) y(l) f) Xj(t + 2t) - 2x,(t + t) + Xl {t) (]2 _ 33) 

Many atomic clocks are dominated by random walk of frequency noise for 
long averaging times. Thus, the first difference of the frequency data (the 
second difference of the phase data) is white, and the optimum estimate of the 
drift is just the simple mean. If instead, a linear least square fit were removed 
from the frequency data in this region oft, then the random-walk residuals 
would be biased, and it is likely that an optimistic estimate of (r y (z) would be 
obtained. 

The optimum procedure would be different if the dominant noise type 
were flicker of frequency, rather than random walk. But there is no simple 
prescription that can be followed to estimate the drift in that case. 
Fortunately, a maximum likelihood estimate of the prameters for some 
typical cases has shown that the mean second difference of phase is still a 
good estimator of frequency drift in the sense that it introduces negligible bias 
in the Allan variance. Thus, in practice there is a simple prescription for 
computing the Allan variance in the presence of significant drift. Starting 
with the phase data, one forms the second difference and uses the simple 
average to estimate the mean. The value of z chosen for creating these second 
differences must be long enough so that the predominant noise process is 
random-walk frequency modulation. After subtracting this estimate, the 
second-difference data is integrated twice to recover phase data with drift 
removed, and further analysis, including the computation of the Allan 
variance, may proceed. Figures 12-6 through 12-10 illustrate the estimation 
of drift. The quadratic dependence of the phase data in Fig. 12-6 nearly 
obscures the noise. The first difference of this data produces the nearly linear 
frequency dependence shown in Fig. 12-7, and the second difference produces 
the residuals shown in Fig. 12-8, which appear to be nearly white. Rigorous 
statistical analysis of this data indicates that the first difference of the 
frequency is indeed white with 90% confidence. Next, the mean frequency 
difference is subtracted. Then the residuals of Fig. 12-8 are integrated twice, 
and the result is the estimate of the phase deviation with drift removed shown 
in Fig. 12-9. Fig. 12-10 illustrates the Allan variance of this data calculated by 
three techniques. The squares were computed from the data of Fig. 12-6, 
while the open circles were computed following the recommended procedure 
for estimating the drift. The validity of the approach is illustrated by the black 
dots, which are the result of a statistically optimum parameter estimation 
procedure. 
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FIG. 1 2-6 Measured phase difference between a frequency standard and a reference during 
a 140-day experiment. The nearly quadratic form of the data effectively obscures the noise. 
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FIG. 12-7 One-day frequency averages obtained by taking the first differences of the data in 
Fig. 12-6. The ordinate is the fractional difference of the daily frequency from a nominal value. 
The nearly linear change in frequency with time is apparent, although the random deviations are 
visible. 
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FIG. 12-8 Second difference of the data in Fig. I 2-6. The second difference operation has 
removed the nonrandom behavior and the residuals appear to be nearly white. 
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FIG. 12-9 Phase variations of the frequency standard due to the residuals, obtained by 
performing two integrations on the data of Fig. 12-8. The ordinate scale is expanded 
approximately 10 times compared to Fig. 12-6. 
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FIG. 12-10 Logarithm of the square root of the Allan variance as a function of the 
logarithm of the averaging time for three different computation methods. The squares were 
computed from the data of Fig. 12-6 and show the effect of the drift. The open circles were 
computed from the data of Fig. 12-9. The closed circles were computed using an optimum- 
parameter estimation procedure. 



12.1.7 Confidence of the Estimate and Overlapping Samples 

Consider three phase or time measurements of one oscillator relative to 
another at equally spaced intervals of time. From this phase data one can 
obtain two adjacent values of average frequency and one can calculate a 
single sample Allan variance (see Fig. 12-1 1). Of course, this estimate does not 
have high precision or confidence, since it is based on only one frequency 
difference. 

For most commonly encountered oscillators, the first difference of the 
frequency is a normally distributed variable with zero mean. However, the 
square of a normally distributed variable is not normally distributed. This is 
so because the square is always positive and the normal distribution is 
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FIG. 12-11 Calculation of two average frequencies y, and y, by measuring the phase of an 
oscillator x(t) at times /,, i 2 , and l 3 . 

completely symmetric, with negative values being as likely as positive ones. 
The resulting distribution is called a chi-squared distribution, and it has one 
"degree of freedom" since the distribution was obtained by considering the 
squares of individual (i.e., one independent sample), normally distributed 
variables (Jenkins and Watts, 1968). 

In contrast, from five phase values four consecutive frequency values can 
be calculated, as shown in Fig. 12-12. It is possible to take the first pair and 
calculate a sample Allan variance. A second sample Allan variance can be 
calculated from the second pair (i.e., the third and fourth frequency 
measurements). The average of these two sample Allan variances provides an 
improved estimate of the true Allan variance, and one would expect it to have 
a tighter confidence interval than in the previous example. This could be 
expressed with the aid of the chi-squared distribution with two degrees of 
freedom. 

However, there is another option. One could also consider the sample 
Allan variance obtained from the second and third frequency measurements, 
that is, the middle sample variance. This last sample Allan variance is not 
independent of the other two, since it is made up of parts of each of the others. 
But this does not mean that it cannot be used to improve the estimate of the 
true Allan variance. It does mean that the new average of three sample Allan 
variances is not distributed as chi squared with three degrees of freedom. The 
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FIG. 12-12 Calculation of four frequency values y,, y,, y 3 , and y 4 from five phase 
measurements at times t 2 , i 3> ( 4 , and r 5 . The sample variance formed from y\ and y 2 and the 
one formed from y 3 and y 4 are independent. The sample variance formed from y 2 and y 3 is not 
independent of the other two but does contain some additional information useful in estimating 
the true sample variance. 
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number of degrees of freedom depends on the underlying noise type, that is, 
white frequency, flicker frequency, etc., and may have a fractional value. 

Sample Allan variances are distributed as chi square according to the 
equation 

y 2 = (df).s> 2 , (12-34) 

where s~ is the sample Allan variance, df the number of degrees of freedom 
(possibly not an integer), and a 2 the true Allan variance, which we are 
interested in knowing but can only estimate imperfectly. 

The probability density for the chi-squared distribution is given by the 
relation (Jenkins and Watts, 1968) 

^'wfm^' 1 ''^' ,,2 - 35) 

where Hdf/2) is the gamma function, defined by the integral 

HO = f x'- { e x dx. (12-36) 
% 

A typical distribution is shown in Fig. (12-13). 

Chi-squared distributions are useful in determining confidence intervals for 
variances and standard deviations, as shown in the following example. 
Suppose one has a sample variance .s 2 = 3.0 and it is known that this 
variance has 10 degrees of freedom. The object is to calculate a range around 
the sample value of s 2 =3.0 that probably contains the true value a). The 
desired confidence is, say, 90%. That is, 10% of the time the true value will 
actually fall outside of the stated bounds. The usual way to proceed is to 
allocate 5% to the low end and 5% to the high end for errors, leaving 90% in 
the middle. This is arbitrary and a specific problem might dictate a different 




FIG. 12-13 Approximate form of a typical chi-squared distribution. For 10 degrees of 
freedom. 5% of the area under the curve corresponds to values of y 1 less than 3.94, and an 
additional 5% corresponds to values of y 2 greater than 18.3. 
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allocation. By referring to tables of the chi-squared distribution, one finds 
that for 10 degrees of freedom (df = 10) the 5% and 95% points correspond to 

* 2 (0.05) = 3.94, x 2 (0.95) = 18.3. (12-37) 

Thus, with 90% probability the calculated sample variance sf. = 3 satisfies the 
inequality 

3.94 < (df)s 2 /<r 2 < 18.3, (12-38) 

and this inequality can be rearranged in the form 

1.64 < a) < 7.61. (12-39) 

The estimate ,s 2 = 3 is a point estimate. The estimate 1.64 < a 2 < 7.61 is 
an interval estimate and should be interpreted to mean that 90% of the time 
the interval calculated in this manner will contain the true a 2 . 



12.1.8 Efficient Use of the Data and Determination of the 
Degrees of Freedom 

Typically, the sample variance is calculated from a data set using the 
relation 

s2 = ^f j>»- f ) 2 ' ( 12 " 4 °) 

where it is implicitly assumed that the z„'s are random and uncorrected (i.e., 
white) and where z is the sample mean calculated from the same data set. If all 
of this is true, then s 2 is chi-squared distributed and has N - 1 degrees of 
freedom. 

Consider the case of two oscillators being compared in phase with N values 
of the phase difference obtained at equally spaced intervals t„. From these N 
phase values one obtains N - 1 consecutive values of average frequency, and 
from these one can compute JV - 2 individual sample Allan variances (not all 
independent) for r = t 0 . These N — 2 values can be averaged to obtain an 
estimate of the Allan variance at z = t 0 . 

The variance of this Allan variance has been calculated (Lesage and 
Audoin, 1973; Yoshimura, 1978). This approach is less versatile than the 
method of the previous section since it yields only symmetric error limits. 
However, it is simple and easy to use. Let \(N) be the relative difference 
between the sample Allan variance and the true value. Thus, 

s 2 = [1 + A(fV)]r7 2 (T). (12-41) 
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TABLE 12-3 



Variance of the Relative Difference between the Sample 
Allan Variance and the True Value (CJN)" 



Noise type 


a 


C. 


White phase 


2 


3.88 


Flicker phase 


1 


3.88 


White frequency 


0 


2.99 


Flicker frequency 


- 1 


2.31 


Random-walk frequency 


-2 


2.25 



" N is l lie number of phase measurements. The result is 
accurate to better than 10 "„ for N larger than 10. 



The quantity A(JV) has mean zero. For N larger than 10, the variance of A is 
approximately 

<r 2 (A) = CJN. (12-42) 

Table 12-3 gives the constant C x for the five major noise types. 

Using the same set of data it is also possible to estimate the Allan variances 
for integer multiples of the base sampling interval i = mx 0 . Now the 
possibilities for overlapping sample Allan variances are even greater. For a 
data set of N phase points, one can obtain a maximum of exactly N — 2m 
sample Allan variances for x = mx 0 . Of course only (N - l)/2m of these are 
generally independent. Still, the use of all of the data is well justified since the 
confidence of the estimate is always improved by so doing. Consider the case 
of an experiment extending for several weeks in duration with the aim of 
getting estimates of the Allan variance for x values equal to a week or more. 
As always, the purpose is to estimate the "true" Allan variance as well as 
possible, that is, with as tight an uncertainty as possible. Thus, one wants to 
use the data as efficiently as possible. The most efficient use is to average all 
possible sample Allan variances of a given x value that one can compute from 
the data. This procedure is illustrated in Fig. 12-14. 

In order to calculate confidence intervals for a sample variance, it is 
necessary to know the number of degrees of freedom. This has been done by 
both analytical and Monte Carlo techniques, and empirical equations have 
been found that are accurate to 1% for white phase, white frequency, and 
random-walk frequency modulation. The tolerance is somewhat larger for 
flicker frequency and phase modulation (Howe et a/., 1981). The empirical 
equations for the degrees of freedom are given in Table 12-4. Table 12-5 gives 
the degrees of freedom for selected values of N, the total number of phase 
values, and m, the number of intervals averaged. Figure 12-15 illustrates the 
number of degrees of freedom for all noise processes as a function of x for the 
case of 101 total phase measurements. 
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4" 

l-j-l FULLY OVERLAPPING 7 



TIME 

FIG. 12-14 Illustration of the case of r = 4t 0 , for which the ratio of the number of fully 
overlapping to nonoverlapping estimates of the variance is more than 8 for the 57 phase points 
shown. When the averaging time for the computation of mean frequencies t exceeds the 
sampling time i 0 , the number of fully overlapping mean frequencies is far larger than the number 
of nonoverlapping frequencies. In general, for large N approximately 2m times as many 
estimates of the sample variances can be computed using the fully overlapping technique. 



TABLE 12-4 

Number of Degrees of Freedom for Calculation of the Confidence of the 
Estimate of a Sample Allan Variance'' 



Noise type df 



White phase 



White frequency 



Random-walk frequency 



(N + 1)(N - 2m) 
2(JV - m) 



Flicker phase exp ln( — I lnf 



3(JV - 1) 2(N - 2) 
2m N 



4m 2 



4m 2 + 5 



Flicker frequency — for m = 1 



2.3N - 4.9 
5N 2 



for m > 2 



4m{N + 3m) 

N - 2 (N - I f - 3m(iV - 1) + 4m 2 
m ~~ (TV - 3) 2 



" For t = im 0 from N phase points spaced t 0 apart. 
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TABLE 12-5 



Number of Degrees of Freedom for Calculation of the Confidence of the Estimate of a Sample 
Allan Variance for the Major Noise Types" 







White 


Flicker 


White 


Flicker 


Random-walk 


N 


m 


phase 


phase 


frequency 


frequency 


frequency 


9 


! 


3.665 


4.835 


4.900 


6.202 


7.000 




") 


3.237 


3.537 


3.448 


3.375 


2.866 




4 


1 .000 


1.000 


1.000 


1.000 


0.999 


129 


1 


65.579 


79.015 


84.889 


110.548 


127.000 




2 


64.819 


66.284 


71.642 


77.041 


62.524 




4 


63.304 


52.586 


42.695 


36.881 


29.822 




8 


60.310 


37.306 


21.608 


16.994 


13.567 




16 


54.509 


22.347 


9.982 


7.345 


5.631 




32 


44.761 


9.986 


4.026 


2.889 


2.047 




64 


1.000 


1 .000 


1.000 


1 .000 


1.000 


1025 


1 


526.373 


625.071 


682.222 


889.675 


1023.000 




2 


525.615 


543.863 


583.622 


636.896 


510.502 




4 


524.088 


459.041 


354.322 


316.605 


253.755 




8 


521.038 


366.113 


186.363 


156.492 


125.398 




16 


514.952 


269.849 


93.547 


76.495 


61.241 




32 


502.839 


179.680 


45.947 


36.610 


29.210 




64 


478.886 


104.743 


21.997 


16.861 


13.288 




128 


432.509 


50.487 


10.003 


7.281 


5.516 




256 


354.914 


17.429 


4.003 


2.861 


2.005 




512 


1.000 


1.000 


1.000 


1.000 


1.000 



" N is the number of equally spaced phase points that are taken m at a time to form the averaging 
time. 



12.1.9 Separating the Variances of the Oscillator and the Reference 

A measured variance contains noise contributions from both the oscillator 
under test and the reference. The individual contributions are easily sepa- 
rated if it is known a priori that the reference is much less noisy than the 
device under test or equal to it in performance. Otherwise, the individual 
contributions can be estimated by comparing three devices (Barnes, 1966). 
The three possible joint variances are denoted by afj, a) k , and af k , while the 
individual device variances are of, aj, and a\. The joint variances are 
composed of the sum of the individual contributions under the assumption 
that the oscillators are independent: 

af. = a f + a? 



a% = a) + el (12-43) 
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1 10 100 



TON UNITS OF DATA SPACING) 
FIG. 1 2-1 5 Number of degrees of freedom as a function of averaging time for the case of 101 
phase measurements: The heavy broken line is for random-walk frequency noise, the light 
broken line is for flicker frequency noise, the dotted line is for white frequency noise, the heavy 
solid line is for flicker phase noise, and the light solid line is for white phase noise. 

An expression for each individual variance is obtained by adding two joint 
variances and subtracting the third: 

^ = ¥t*l + <?f k - a%\ 

vj = l(cjk + erg - af k ), (12-44) 
of = \{<s) k + af k - afj). 

This method works best if the three devices are comparable in performance. 
Caution must be exercised since Eqs. (12-44) may give a negative sample 
Allan variance despite the fact that the true Allan variance is positive definite. 
This is possible because the confidence interval of the estimate is sufficiently 
large to include negative variances. Such a result is an indication that the 
confidence intervals of the sample Allan variances are too large and that 
more data is required. 

12.2 DIRECT DIGITAL MEASUREMENT 
12.2.1 Time-Interval Measurements 

A common technique for measuring the phase difference between oscil- 
lators having nearly equal nominal frequencies is the use of direct time- 
interval measurements. In this section and those that follow, the symbols v 10 
and v 20 are used to indicate the nominal values of v l and v 2 , respectively. In 
the simplest form of this technique, a time-interval counter is started on some 



218 



SAMUEL R. STEIN 



ACTUAL PHASE 
DIFFERENCE 



START SIGNAL 




- MEASURED PHASE DIFFERENCE 



FIG. 12-16 The phase difference measured by a time-interval counter is the phase difference 
between the start signal and the stop signal modulo the period of the stop signal. 

arbitrarily selected positive-going zero crossing of the signal from one 
oscillator (started on v 10 at time f,) and stopped in the next positive-going 
zero crossing of the second oscillator (stopped on v 20 at time t 2 ). The 
measured time difference is 

x 2 (/,) - *,(/,) £ -PT e [l + (v 20 - v 10 )/v 10 ], C2-45) 

where P is the reading of the time-interval counter and r c the period of its 
time base (Allan et a/., 1974). The units of the time difference is seconds of 
oscillator number 1 . Equation (12-45) demonstrates an important character- 
istic of both time- and phase-difference measurements. Because of distortion 
the phase of an oscillator is generally not well known except at zero crossings. 
Thus, the quantity usually measured is x 2 (t 2 ) - Xi(fi)- However, all analysis 
techniques require the phase difference at the same time, and the translation 
requires a correction that takes into account the difference in frequency 
between the two oscillators. This correction is the reason for the second term 
in the brackets on the right-hand side of Eq. (12-45). 

The simple scheme described above measures a maximum accumulated 
phase difference of one cycle of the signal. When the phase difference exceeds 
one cycle the counter reading is periodic, as shown in Fig. 12-16. This 
ambiguity can be reduced by dividing the signals from each oscillator before 
the time-interval measurement. The complete system is shown in Fig. 12-17. 
The effect of the divider is to increase the time interval before an ambiguity 
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FIG. 12-17 Schematic diagram of the dividers used in conjunction with a time-interval 
counter to increase the maximum measurable phase difference to N cycles of the stop signal. 
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occurs to N/v l0 , where N is the divisor. Such measurement systems are used 
at many standards laboratories for the long-term measurement of atomic 
clocks, whose output is usually divided down to 1 pulse/sec. Since time- 
interval counters with resolution better than 0.1 nsec are available, this 
measurement scheme is suitable for long-term performance monitoring, 
yielding frequency-measurement precision of 10" 14 for 1-day averages. 



12.2.2 Frequency Measurements 

Average frequency is measured most directly using a frequency counter. 
Used this way, the counter determines the number of whole cycles M 
occurring during a time interval x given by the counter's time base. Thus 

v(0; x) = (M + AM)/t ~ M/x, (12-46) 

where v(f,; t 2 ) denotes the average frequency over the interval from t l to f 2 
and AM, the fractional cycle, is not measured by the counter. The starting 
time is arbitrarily called t = 0. Thus, the quantization error is given by 

Av y /<v> < 1/M. (12-47) 



12.2.3 Period Measurements 

For low frequencies, the number of cycles counted may be small and the 
quantization error can be very large. By measuring the period instead of the 
frequency, it is possible to decrease the error without increasing the duration 
of the measurement. A period counter measures the duration of M whole 
cycles of the signal as N cycles of the time base x c . The fraction of a cycle AN 
is not measured. Thus, we have 

M = v(0; M/v 0 )(iV + AN)x Q , (12-48) 

and therefore 

v(0; M/v 0 ) ^ M/Nx Q (12-49) 
and the quantization error is 

Av Q /<v> < l/N. (12-50) 

Frequency measurements are almost never used to characterize precision 
oscillators, but period measurements are very common. A straightforward 
extension of this method eliminates the bias potentially introduced by the 
quantization error and permits the measurement of accumulated phase. The 
counter must be capable of being read without halting the counting process. 
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FIG. 12-18 Two-counter system to eliminate dead time in period measurements. The two 
counters alternately count the number of cycles of the time base in N periods of the oscillator 
under test. 



Alternatively, a second counter may be used to begin counting the same time 
base when the first counter stops. The second approach is illustrated in Fig. 
12-18. This type of measurement system is sometimes called a chronograph. 



12.3 SENSITIVITY-ENHANCEMENT METHODS 

12.3.1 Heterodyne Techniques 

It is possible for oscillators to be very stable, and values of a y (r) can be as 
small as 10" 16 in some state-of-the-art standards. Thus, one often needs 
measuring techniques capable of resolving very small fluctuations in y(t). One 
of the most common techniques is the heterodune or beat-frequency 
technique. In this method the signal from the oscillator under test is mixed 
with a reference signal of almost the same frequency so that one is left with a 
lower average frequency for analysis without reducing the frequency (or 
phase) fluctuations themselves. 

In principle, it is possible to analyze the most general measurement case, 
where no restrictions are placed on the average frequency or phase difference 
between the two oscillators under test. Equation 12-1 can be inverted as 

2nv 0 t + 0(f) = arcsin[K(f)/V 0 ] (12-51) 

and used to obtain the series <j>(im) by sampling the voltage at regular time 
intervals. This direct technique is not used, because it requires unobtainable 
mixer performance characteristics. The high-level rf signals that are required 
for low-noise phase measurements produce significant harmonic distortion, 
so that the output of the phase detector deviates significantly from a sine 
wave. Furthermore, the distortions are generally sensitive to level and 
environmental perturbations. However, the phase relationships among the 
various harmonics are very stable, so it is possible to use the repetition of one 
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point on the waveform in order to count cycles. The positive-going zero 
crossings are normally chosen in order to provide immunity from changes in 
both the amplitude and symmetry of the waveform. 

Consider two signals whose frequency difference is much less than the 
frequency of either oscillator: 

VM = I/ 10 sin[27tv' 10 f + ^(f) + r/> 10 ] 
and (12-52) 
= F 20 sin[27tv 20 r + <f> 2 (t) + </> 20 ], 

where |v 10 - v 20 | <s v 10 and the constants 0 1O and </> 20 represent the nominal 
phases of the two signals. 

Suppose that the two signals are mixed in a linear product detector and 
filtered so that the signal at the sum frequency v I0 + v 20 is highly attenuated. 
The result is 

V(t) K 0 cos[27t(v JD - v 20 )f + (f> 10 - (p 20 + </>,(/) - 0 2 (/)], (12-53) 

which may be characterized by any of the measurement techniques discussed 
in Section 12.2. The amplitude V 0 of the mixer output is a function of the 
mixer design, the input amplitudes, and the output termination (Walls et ai, 
1976). Using the definition (12-10), we find that for the heterodyned signal 

x H (r) = (l/27rv H )A0(f), (12-54) 

where 

v H = |v I0 - v 20 | (12-55) 

and 

A0(r) = <M0 - WO- (12-56) 
Equation (12-54) may be rewritten as 

*h(0 = (vq/vhWO, (12-57) 

from which we conclude that a given phase change corresponds to a larger 
time deviation for the heterodyne signal than for the original signal. As a 
result, the quantization error for the period measurement technique is 
reduced by the factor v H /v 0 . 

12.3.2 Homodyne Techniques 

The limit of the heterodyne method, called homodyne, occurs when 
v io = v 2o- In this case the output of the phase detector is given by 

V{t) s F o cos[0 lo - 0 2O + <M0 - tf>2<')]- (12-58) 
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The analysis of phase noise is accomplished by arranging that 
<Pio — </>2o = 7C /2, which can be achieved with a phase shifter. Then, 

V(t) s - K)Sin[0,(f) - </> 2 (r)] s K,[0 2 (f) - 0,(f)]. (12-59) 

There are various methods by which one can control the signal V 2 (t) so that 
v 10 = v 20 without producing significant correlation between <f> 2 (t) and fa(t). 
When any one of these methods is used, it is possible to use V(t) as a measure 
of (j>(t). Two methods, delay lines and phase-locked loops (Gardner, 1966), are 
described below. 

12.3.2.1 DISCRIMINATOR AND DELAY LINE 

The circuit of a discriminator or delay-line system for measuring phase 
noise is illustrated in Fig. 12-19. The delayed signal is given by 

V 2 (t) = V x (t - f d ) = K 20 sin[27tv 10 (( - f d ) + fa(t - f d ) + <t> l0 + <t>J. 

(12-60) 

When the phase shifter is set for quadrature, <p s — 2nv lo t d = n/2 and 

V 2 (t) = l/ 20 sin[27tv 10 ( + - t d ) + 0 1O + it/2]. (12-61) 

The output of the phase detector is given by 

V(t) = V 0 [fa(t - r d ) - fa(t)l (12-62) 

Substituting Eq. (12-62) into Eq. (12-20), we obtain 

v(f - r d :f) = -V(t)/2Kv 0 V 0 t a (12-63) 

and we see that the delay-line method can be used to produce samples of 
v(mz 0 ) by varying the delay time. However, the technique is used more 
frequently with a fixed delay by restricting its application to the region of z 
much greater than the delay time, so that y(f - f d ; t) is a good approximation 
for the instantaneous frequency. Under this assumption spectrum analysis of 
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FIG. 12-19 A delay-line phase-noise-measurement system. When the phase shifter is 
adjusted so that V 2 U) is in phase quadrature with V 0 {t), the output of the phase detector is 
approximately equal to the instantaneous frequency deviation of the oscillator. The spectral 
density of the source may be estimated for Fourier frequencies small compared to the inverse of 
the delay time. 
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the signal from the mixer can be used to estimate the spectral density of the 
frequency fluctuations: 

S/f) S pr-^—ff S viv 0 (f) for /« 1 Md- (12-64) 

(27TV 0 f d ) 

Frequency discriminators are applied in an analogous fashion. A resonant 
circuit is often used to provide discrimination since it produces a phase shift 
proportional to the frequency deviation from the resonant frequency. For 
example, the phase shift on reflection from a resonance with loaded quality 
factor Q is 

(f> = arctan(2<2y) = 2Qy, (12-65) 

provided that the frequency deviation is small compared to the bandwidth of 
the resonance and the applied signal is nearly at the center frequency of the 
discriminator. This can be accomplished either manually or with a frequency- 
locked loop. The design of such a loop is similar to the phase-locked loop of 
the next section. Once again, one can spectrum analyze the signal from the 
mixer to obtain 

Sfif) ~ p£F SviVo(f) for f<v ° IQ - (12 " 66) 

The noise floor for measurements made with either a delay line or discrimi- 
nator normally results from white voltage noise in the analysis circuitry and 
is independent of the Fourier frequency. We denote the noise floor S VIVo 
(minimum) and find the noise floor for frequency or phase measurements by 

V 2 v 2 
S^noise limit) = -~ S v (noise limit) = 2 0 ' S y/> , 0 (minimum). 

(12-67) 

Consequently, the discriminator or delay-line technique is limited in sensi- 
tivity since the output voltage is proportional to the frequency deviations. 
Greater sensitivity is possible using two oscillators in a phase-locked loop. 
The noise in the reference is an important consideration, even though the 
reference is passive in the case of a discriminator or a delay line. If the 
oscillator has sufficiently low noise, then the circuits described measure the 
variations of the discriminator center frequency or the delay variations in the 
delay line. 

12.3.2.2 PHASE-LOCKED LOOP 

The block diagram for the most general phase-locked loop that will be 
considered here is shown in Fig. 12-20. The noise voltage summed into the 
loop is a schematic way of representing (j> a (t), the open-loop phase noise of the 
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FIG. 1 2-20 Block diagram of a phase-locked loop. The order of the loop is determined by 
the filter transfer function. For convenience, noise in the oscillator under test is introduced at the 
summing junction. 

oscillator under test. Phase noise in the reference oscillator is denoted by 

The purpose of using a phase-locked loop is simply to guarantee that the 
two oscillators are, on the average, in phase quadrature. When the oscillators 
are near quadrature, the voltage output of the phase detector is proportional 
to the difference in phase between the two output signals. 

Analysis of the phase-locked loop yields the result 



(12-68) 



1 




G.,(s) 


1 + G eq (s)_ 




_1 + G eq (s)_ 



<j) 0 (s) = <p„(s) 

where G eq (s) is the open-loop transfer function denned by 

K 0 K d F(s) 
G eq (s) = 



(12-69) 



and </>„{s) and <j> Icf {s) are the Laplace transforms of the corresponding time- 
varying quantities. We can also calculate the voltage output of the phase 
detector, 



VM = 



1 + G eq (s) ' 
as well as the feedback voltage to the varactor, 

V f (s) = F(s)V d (.s) = "^[^Js) - Us)l 
G eq (-s) 

Assuming that the phase noise of the two oscillators is not correlated, 



-V d («) = 



1 + G cq (jw)\ 



a> 2 G r „(ia>) 2 . 



(12-70) 
(12-71) 

i, 

(12-72) 
(12-73) 
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FIG. 12-21 Circuit diagram of the most common loop filter for a second-order phase- 
locked loop. Resistor R 2 is required for stable operation. Capacitor C provides the low- 
frequency gain needed to reduce the phase errors of the first-order loop. 



-6 dB/OCTAVE 




FIG. 12-22 Bode plot for the loop filter of Fig. 12-21. 

Thus, if we know the behavior of G eq (jco), then we can relate the measured 
spectrum of the voltage at the output of the phase detector or at the varactor 
tuner to the sum of the spectral densities of the phase noise of the two 
oscillators. 

The loop filter is often chosen to be a pure gain. The resulting first-order 
loop has a significant drawback: the two oscillators are offset from quadra- 
ture by a phase shift proportional to their open-loop frequency difference. In 
order to maintain system calibration, the operator must remove the fre- 
quency offset from time to time. This problem can be eliminated by using a 
second-order loop. Figure 12-21 illustrates one loop filter that can be used to 
achieve the desired frequency response. The transfer function of this filter is 

F(s) = (1 + st 2 )/st„ (12-74) 
where t 2 = R 2 C and tj = R t C. Figure 12-22 shows the Bode plot of the 
frequency-response function of this filter. Substitution of Eq. (12-74) into Eq. 
(12-69) yields the open-loop frequency-response function 



G eq 0'ft>) = 



+ 2jCco n (o 



(12-75) 



where 
and 



ffl n = [K 0 X d /T 1 ]" 2 



C = jT 2 CO n . 



(12-76) 
(12-77) 
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FIG. 1 2-23 Bode plot of the open-loop frequency-response function for a phase-locked loop 
having the loop filter of Fig. 12-21 . Parameters were chosen to illustrate a stable condition. 

The first requirement to be satisfied by the loop parameters is thai the 
closed loop be stable. Since the transfer function G eq (s) has no poles or zeros 
for s > 0, a sufficient requirement for the phase-locked loop to be stable is 
that the slope of the Bode plot of \G eq (jo>)\ be less steep than - 12 dB/octave at 
the point where |G cq (/'w)| = 1. The Bode plot of |G eq (jco)| is shown in Fig. 
12-23 for a case where the loop operation is stable. 

It is desirable for the loop to be nearly critically damped, that is, £ = 1. At 
critical damping the natural frequency of the loop is related to x 2 by 

«».;-! = 2/t 2 . (12-78) 

Under the same conditions the unity gain frequency is 

= 4.12/T 2 . (12-79) 

The second requirement to be satisfied by the phase-locked loop is related 
to the accuracy with which spectral-density measurements can be made. 
Substitution of Eq. (12-75) into Eq. (12-72) yields 

= LS *< Jw) + 5 * >)] - (l2 - 80) 

Since the proportionality factor has a high pass response, it is possible to use 
an essentially constant calibration to relate S v Jw) and S^w). For example, if 
we require that 

S Kd (co) s K 2 d [S^Joj) + S*»] (12-81) 

with no more than 10% error for all Fourier frequencies greater than 
27rrad/sec, then for the critically damped loop the requirement on t 2 is 
t, > 1 .4 sec. 
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The third requirement on loop performance is that the frequency offset 
between the two oscillators produce negligible phase shift of the oscillators 
from quadrature. In the ideal loop the phase error for a frequency error Av 
introduced at time f = 0 is 

r/> error = 2nA V te-<°»'. 

However, in the actual circuit there is a finite phase error due to the limited 
loop gain of the amplifier of Fig. 12-21. Nevertheless, the phase error is 
reduced by 10 5 compared to its value for a first-order loop. Typically, the 
error is less than the residual phase error due to the voltage offset at the mixer 
output and should be much less than 1°. 

The feedback loop reduces the sensitivity of the system for measurements 
of the phase spectral density for Fourier frequencies less than the unity-gain 
frequency of the phase-locked loop. One way to avoid this problem is to 
utilize the feedback voltage V,. Substituting Eq. (12-75) into Eq. (12-73), we 
find that 

S "' M = (to 2 - » 2 ) 2 + [S - M + S >> )] - (12 " 82) 

For this case, the proportionality factor has a low pass response and a 
constant calibration factor may be used to relate S Vr (a>) to S y (m). 



12.3.3 Multiple Conversion Methods 

Quite often the beat frequency between the signal under test and the 
laboratory reference is unsuitable or inconvenient for frequency-stability 
measurements. The frequency may be too high for the available counters or 
the heterodyne factor may be too small to yield the required noise enhance- 
ment. Under these circumstances a second mixing stage in series with the first 
can be used to produce the desired beat frequency. On the other hand, the 
direct beat frequency between two oscillators may be too small. For example, 
the frequencies of commercial cesium-beam frequency standards are usually 
so close together that the beat frequency between two devices would be near 
1 cycle/day, making it impossible to observe the stability at shorter times. 
This limitation can be overcome by the use of two parallel mixing stages. 

12.3.3.1 FREQUENCY SYNTHESIS 

A commercial frequency synthesizer is usually the most convenient way to 
produce arbitrary reference frequencies for stability measurements. A mixing 
stage preceding the synthesizer can be used both to bring the signal into the 
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FIG. 12-24 Use of frequency synthesis to measure oscillators whose frequency differs 
significantly from the available low-noise reference. It may be necessary to use a frequency 
multiplier to bring the signal into the range of the available synthesizer or to overcome the 

synthesizer's phase noise. 



appropriate range and to enhance the oscillator noise compared to the short- 
term phase noise of the synthesizer. Figure 12-24 demonstrates both aspects 
of the technique. 

The initial mixing stage from the microwave frequency to the rf results in a 
substantial heterodyne factor, 77.5 for the example chosen. The output of the 
first conversion stage lies within the range of low-noise commercial frequency 
synthesizers, which makes it possible to obtain a fixed, low beat frequency 
over a wide range of input frequencies. The initial mixing stage also reduces 
the frequency synthesizer's contribution to the measurement-system noise. 
Figure 1 2-25 shows the typical phase excursions of a high-quality commercial 
synthesizer operated near 5 MHz. 

Under some circumstances a frequency divider may be used to provide 
the signal for the second mixing stage, as shown in Fig. 12-26. This technique 
has the disadvantage of requiring a custom divider but results in much 
lower measurement noise than the direct use of a synthesizer with a single 
heterodyne stage. 




80,000 

TIME (SEC) 



FIG. 1 2-25 Typical phase excursions of a commercial frequency synthesizer. 
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FIG. 1 2-26 Use of a simple divider as a substitute for a commercial frequency synthesizer in 
a heterodyne measurement system. Better noise performance can result from the initial mixing 
stage. 

12.3.3.2 THE DUAL-MIXER TIME-DIFFERENCE 
TECHNIQUE 

There is no best answer to the question of how to make frequency-stability 
measurements. However, by combining versatility with low-noise perform- 
ance, the dual-mixer time-difference technique (Cutler and Searle, 1966: Allan 
and Daams, 1975) shown in Fig. 12-27 comes close to the ideal. The original 
motivation for this method was to use a transfer oscillator and two mixers in 
parallel to permit short-term frequency-stability measurements between 
oscillators that have an inconveniently small frequency difference. The 
transfer oscillator is most easily realized with a frequency synthesizer locked 
to one of the oscillators, designated oscillator 1 in Fig. 12-27. By convention 
the frequency of the synthesizer is set low compared to the oscillator under 
lest, so we write the frequency of the synthesizer as 

v s = v,(l - l/R). (12-83) 

The constant R is equal to the heterodyne factor, which can be seen by 
calculating the beat frequency between oscillator 1 and the synthesizer: 

v B i = v, - v. = vJR. (12-84) 
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FIG. 12-27 A dual-mixer measurement system. The scalars measure the number of whole 
cycles of elapsed phase, while the time-interval counter measures the fractional cycle. 
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The combination of oscillator, frequency synthesizer, and mixer functions as 
a divider and scaler 1 functions as the system clock, recording elapsed time in 
units of cycles of oscillator 1. 

The signals from oscillators 1 and 2 are represented according to Eq. 
(12-52) with (p l0 = (p 20 = 0, and the signal from the synthesizer is written 

V s (t) = K s0 cos[27tv s0 f + 0 s (r)]. (12-85) 

The phase of the synthesizer retards nearly linearly in time compared to the 
phase of oscillators 1 and 2. At time t M the synthesizer reaches phase 
quadrature with oscillator 1 and the beat signal crosses zero (in the positive 
direction), producing a pulse from the zero-crossing detector and starting 
the time-interval counter. At a later time t N the continued sweep of the 
synthesizer has brought it into quadrature with oscillator 2, and a pulse is 
produced that stops the time-interval counter. The phase difference between 
the oscillators can be written in terms of the three counter readings: 

<1> 2 U M ) - Mm) = 2(iV - M)n - 27t[v B2 (f Af : t N )]z c P, (12-86) 

where N is the reading of scaler 2, M the reading of scaler 1, P the reading of 
the time-interval counter, and t c the period of its time base (Stein el al., 1983). 
Comparison with Eq. (12-45) for direct time-interval measurements reveals 
that the role of the scalers is to accumulate the coarse phase difference 
between the oscillators, while the time-interval counter provides fine-grain 
resolution of the fractional cycle. This process is illustrated in Fig. 1 2-28. The 
advantage of the technique over direct time-interval measurements is that the 
noise performance is improved by the large heterodyne factor, allowing time 
resolution of 0.1 psec to be obtained. The synthesizer degrades the noise 
performance very little since it contributes to the noise only over the interval 

T C P. 



x(t) 




TIME 



FIG. 12-28 Total elapsed phase measured by the dual-mixer system of Fig. 12-27 (solid 
line). This phase measurement consists of two components: the number of full cycles that have 
elapsed is the step function plotted as a dashed line: the fractional cycle is the saw-tooth function 
plotted as open circles. 
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The average beat frequency v B2 {t M : t N ) cannot be known exactly, but it may 
be estimated with sufficient precision if it changes slowly compared to the 
interval between measurements, ff the primed and unprimed variables 
represent two independent measurements, then 

v B2 (f M ; t N ) = (N' - N)/[R(M' - M)/v 10 + t c (F' - P)]. (12-87) 

12.3.3.3 FREQUENCY MULTIPLICATION 

A frequency multiplier produces n full cycles of the output signal for each 
cycle of the input signal, where n is an integer determined by the design of the 
device. Such a device is also a phase multiplier, that is, the total phase 
accumulation of the output signal is n times as great as the phase accumu- 
lation of the input signal: 

fcou, = 27rv oul f + 0 oul (f) = 2n(nv-Jt + ncpjt). (12-88) 

It follows that the spectral density of the output signal is enhanced by a factor 
of n 2 compared to the input signal, 

making it easier to perform the necessary noise measurements. Similarly, it is 
also easier to make Allan-variance measurements. If the oscillator under test 
and the reference are both multiplied by the same factor, the beat frequency 
will be n times larger than with no multiplication but the heterodyne factor 
will be the same. The zero crossings that must be detected by the counter 
have n times higher slope and more easily overcome the voltage noise in the 
counter trigger circuits. The ability to measure frequency stability is only 
enhanced if the multipliers have extremely low phase noise themselves. This is 
the case for many modern multipliers that are triggered by the zero crossings 
of the input signal. As a result, the use of multipliers can reduce the 
performance requirements on the phase detector and the following low-noise 
amplifiers. 



12.4 CONCLUSION 

The IEEE recommendations have achieved the goal of introducing 
substantial uniformity in the specification of oscillator performance. The 
Allan variance and the one-sided power spectral density of phase have proved 
sufficient to evaluate oscillators for all common applications. In a few cases 
more specialized measures are helpful in relating performance to the specific 
application. For example, the rms time-prediction error is helpful in judging a 
clock's ability to keep time over long intervals (Allan and Hellwig, 1978). 
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However, the specialized performance measures are generally calculable in 
lerms of the IEEE recommended measures. 

Significant progress has been made during the last 15 years in measure- 
ment techniques and data processing. These advances have obscured the 
dividing line between the frequency domain and the time domain. Today the 
spectral density and the variance are most often computed from the identical 
input data set. the equally spaced lime series of the phase deviations. The 
choice of a specific measurement setup can be made mostly on a cost versus 
performance basis. Perhaps the biggest advance in commercially available 
equipment is the introduction of heterodyne measurement techniques for 
time-domain (counter-based) measurements. As a result, the noise perform- 
ance of these systems has improved dramatically. 

One recommendation that should be made is to perform measurements as 
high up in the measurement hierarchy as possible. Direct measurement of the 
phase deviation is most desirable. This approach places the largest share of 
the burden on the measurement equipment, minimizes long-term errors, and 
maximizes data processing flexibility. 
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NASA 


National Aeronautics and Space Administration 


NBS 


National Bureau of Standards 


INLJAA 


National Oceanic and Atmospheric Administration 


\J 1 o-z 


uroital lest satellite No. 2 by ESA 


TAI 


International Atomic Time 


TPiPQ 

1 1MO 


Tracking and data-relay satellites 


USNO 


United States Naval Observatory 


i 1T1 

U 1 \ 


Universal time scale obtained by correcting UTO for polar motion, where UTO is 




the mean solar time at the Greenwich meridian plus 12 hr. 


UT2 


Universal time scale obtained by correcting UT1 for secular variations (e.g., annual 




and semiannual) in the rate of rotation of the earth 


UTC 


Universal Coordinate Time 


VLBI 


Very-long-baseline interferometry 



13.1 INTRODUCTION 

The purpose of this chapter is to review both the current and some 
anticipated metrology techniques useful in comparing or calibrating re- 
motely located time and frequency (T/F) standards. Typically, the interest in 
this regard is to make available to a remote user some primary frequency or 
time standard reference. The techniques usually employed to accomplish this 
either involve the transport of a secondary standard or the propagation of 
time and frequency information carried on an electromagnetic signal. The 
accuracy, reasonable coverage areas, convenience to the user, and, in some 
cases, nominal cost of some of these techniques of comparison and dissemi- 
nation will be reviewed (Beehler, 1981; Sperry Gyroscope Co. Staff, 1967: 
Jespersen et al., 1972; Kamas and Howe, 1979). 

Time and frequency coordination is the process of combining primary 
standards to generate coordinated T/F standards for the world or for a 
particular country. Coordination is important in the generation of Inter- 
national Atomic Time (TAI) and Universal Coordinate Time (UTC) (Smith, 
1972). State-of-the-art comparison methods are usually employed to 
accomplish this coordination. T/F dissemination, on the other hand, occurs 
at a wide variety of accuracy levels and is typically provided as a service to a 
largely unknown receiving audience (Allan et al., 1972c). The more useful 
methods of T/F coordination, comparison, and dissemination will be 
discussed in this chapter. 

13.1.1 Historical Perspectives and Methods of Comparison 

We see four basic eras as we review methods of measuring oscillators and 
clocks at remote locations. The first era employed astronomical obser- 
vations. The second, which is perhaps highlighted in its early years by the 
Harrison chronometer, involved the transport of the best chronometer 
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possible to do accurate navigation. The third era is associated with the 
advent of time and frequency information on electromagnetic signals that 
could be transmitted from a known fixed site to any general receiver location 
to measure clocks and oscillators at that location. The fourth era is just now 
dawning and is a marriage of the concepts from the second and third eras in 
which we have very good clocks whose signals can be transported or 
transponded via satellite. This opens up new opportunities and possibilities 
because of the different parts of the electromagnetic spectrum that can be 
utilized. Greater bandwidths are now available. In contrast to earth-fixed 
transmitters, line-of-sight paths are natural from the earth to a satellite, 
which can be used to give worldwide coverage with extremely accurate time 
and frequency signals. 

13.1.2 Time and Frequency Standards 

The time and frequency standard for the world is generally accepted as 
International Atomic Time (TAI), generated and maintained at the 
Internationa] Time Bureau, Bureau Internationale de l'Heure (BIH) (Guinot 
and Granveaud, 1972). The rate of TAI is periodically adjusted to be within 
one part of 10 13 or better of the rates as given by primary frequency 
standards at key laboratories in the world (Granveaud and Guinot, 1978). 
Currently these laboratories are the National Bureau of Standards (NBS) in 
Boulder, Colorado, the National Research Council (NRC) in Ottawa, 
Canada, and the Physikalisch-Technische Bundesanstaldt (PTB) in 
Braunschweig, Federal Republic of Germany. The current accuracies of these 
three standards are eight parts in 10 14 , four parts in 10 14 , and two parts in 
10 14 , respectively. The TAI is generated by a computer algorithm (called 
ALGOS) that combines the time readings of about 100 remote clocks from 
various laboratories and observatories in North America and Europe 
(Guinot, 1974; Bureau International de l'Heure, 1981). The remote time 
readings of these clocks are transferred to the BIH mostly via Loran-C, as 
outlined above. Satellite techniques are coming more into use (Costain et al., 
1979b; Allan et al., 1985). Loran-C limits the locations and the accuracies 
that can be achieved (Allan et al., 1972a). The new era will greatly improve 
the accuracy with which T/F data can be transferred from remote areas of the 
earth. The rates of the clocks participating are determined from historical 
data so that the rate of TAI (ALGOS output) is in agreement with the 
primary standards. The second, as generated by the primary standards, is 
"the duration of 9 192 631 770 periods of the radiation corresponding to the 
transition between the two hyperfine levels of the ground state of the 
cesium-133 atom." The time origin of TAI is 00 hours, 1 January 1958, at 
which time it was made synchronous with the earth time scale UT2. Since 
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that date TAI has been independent of earth time and astronomical data. 
However, the time scale UTC (Universal Coordinate Time), as generated 
by the BIH, is constrained to within 0.9 sec of the earth time scale UT1 by 
adding leap seconds as needed. UT1 is dependent on the spin of the earth 
and is the most useful time scale for most navigators. By keeping UTC 
nominally synchronous with UT1, UTC has utility for both the navigator 
and the precision T/F metrologist who wishes to base his measurements 
on the definition of the second. As of 1 July 1983 the time difference 
TAI - UTC = 22 sec. Most countries have adopted UTC as civil time and 
generate within their country a near-synchronous equivalent to UTC, 
usually denoted UTC(/), where i denotes the laboratory or observatory where 
the time scale is generated. 

In the following sections we shall discuss some of the ways in which one 
can calibrate the time or frequency of a local clock, oscillator, or resonator 
with respect to the UTQfl's and frequency standards available. The most 
popular method of receiving the UTC T/F signals is via the standard T/F 
transmitters located around the earth. The relative merits and accuracies of 
different techniques will be indicated as well as some other techniques that 
hold promise in the foreseeable future. 

A useful variation on the above is for two sites, A and B, to receive time 
and/or frequency signals 7" from a transmitter in common view to both sites. 
A time difference can be simultaneously measured at the two sites: 
A ~ T + d a and B ~ T+ D B , where D A and D B are the delays in propaga- 
ting the signal to A and B, respectively. Differencing these two measures 
yields A - B + AD, where AD is the differential delay. The transmitter acts 
as a transfer standard (i.e., a standard to transfer T/F from A to B or vice 
versa) and its errors do not contribute to measurements of the difference 
between the standards, A — B. Furthermore, if there are delay variations 
that are the same for both paths, these errors cancel. This simultaneous 
common-view technique is very useful (Allan, 1972; Allan et al, 1972b: Allan 
and Weiss, 1980; Inouye and Nara, 1975). For example, it is used in the 
construction of International Atomic Time (TAI), with the transmitter being 
the Loran-C navigation chain (Shapiro, 1968: Doherty et al, 1961). This 
particular technique is utilized in several other systems that we will discuss in 
this chapter, for example, TV line 10, OTS-2 satellite (Hoffman, 1982), GPS 
satellites in common view, and very-long-baseline interferometry (VLBI). 

The frequency-standard field is fairly unique in that the cesium atom 
provides an intrinsic frequency standard. That is, if one has access to either a 
commercial or laboratory cesium resonator, then one has access to the 
standard, and it is not necessary to relate the frequency standard back to 
some standards laboratory (within some accuracy limits). The accuracy of 
commercial cesium devices is typically only one order of magnitude worse 
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than that available in laboratory devices. Current commercial cesium 
accuracies are as good as 7 parts in 10 12 . Time, on the other hand, is not 
generated intrinsically with respect to anything but is based on definitions 
and procedures. 

13.2 TERRESTRIAL TIME AND FREQUENCY 

COMPARISON OR DISSEMINATION METHODS 

We shall define terrestrial methods as those confined to the surface of the 
earth or within its atmosphere. In several of these methods the ionosphere 
plays a key role, either acting as a reflective layer or one surface of a 
waveguide to propagate the electromagnetic signal that carries the time and 
frequency information. Because the ionosphere has significant diurnal 
variations, changing in its electron density with the day-night solar exposure, 
significant propagation-delay variation results on these terrestrial-bound 
signals (Winkler, 1972; Joyner and Butcher, 1977; Fleer and Vorob'eu, 1976). 
As a result of these diurnal variations, it is very often the case that one can 
average the signal at a quiet time each day, reducing the fluctuations due to 
the diurnal term by very significant amounts (Allan et al, 1970a). 

13.2.1 High and Medium Frequency 

The transmissions listed in Table 13-1 are from 27 high-frequency (HF) 
transmitters located throughout the world. The accuracy of the signals as 
transmitted is typically on the order of one part in 10 10 or better, and the 
time that is transmitted may be synchronous with UTC to within 10 or 
20 usee (Milton, 1974). However, the received accuracy will be greatly 
degraded due to the propagation fluctuations. Time synchronizations can be 
achieved on the order of 1 msec and frequency accuracies range between one 
part in 10 9 and a few parts in 10 7 depending on the distance from the 
transmitter, the propagation conditions, and the averaging times involved 
(Kobayashi et al, 1968). For HF and medium-frequency (MF) transmissions, 
making measurements at the same time each day will reduce the effect of 
some of the diurnal fluctuations (Sen, 1977). 

Transmissions can be received at most locations at any time even though 
HF and MF propagation is often adversely affected by ionospheric disturb- 
ances. See Fig. 13-1 for frequency-stability comparisons (Allan et al, 1974). 

13.2.2 Low- and Very-Low-Frequency Transmissions 

Table 13-2 lists 17 low-frequency (LF) broadcast stations throughout the 
world. The accuracies of the frequencies generated at each location are also 
listed because the long-term phase stability of a propagation signal measured 
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LOG TAU (sec) 

FIG. 13-1 I'ract iimal-frcqucnc) stability as a function of averaging time for various T;F 
dissemination and coordination techniques. 

during the same time each day is good enough to transfer frequency to high 
accuracies (see Fig. 13-1) (Allan and Barnes, 1967). In this case the 
ionosphere is acting like a waveguide that is quite stable and reproducible 
from day to day at the same time each day, for example, at noon on the path 
between the transmitter and the receiver. The coverage of the LF broadcast 
services, however, is not nearly so great as the very-low-frequency (VLF) and 
HF services (Weiss, 1976a,b,c; Feichtinger, 1977; Pierce, 1957; Guetrot 
et al., 1969: Becker and Kramer, 1969; Fey and Looney, 1966). Typical 
coverage for LF may be a few thousand kilometers from the transmitter. For 
example, the radio broadcast services of the NBS radio station WWVB are 
nominally limited to North America. 

In general, the user of LF signals wants both frequency and time 
information. Typical users include industrial, military, and civilian standards 
labs, electric power companies, calibrators of electronic-counter time bases, 
and a variety of other moderate-accuracy oscillators (and certifiers of 
communication-system frequencies as required by law). Typical uses of LF 
signals, where the emphasis is on time information, include the synchroni- 
zation of communication systems (Kartaschoff, 1977), time coordination 
within electric power networks, event dating in electric power networks as an 
aid in fault analysis, and provision of a general time base in the simultaneous 
recording of geophysical data at many remote locations. A variety of 
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commercial receiving equipment is available for either or both types of 
application. 

The Loran-C navigation chain has found a lot of use in the time and 
frequency community (Hefley, 1972; Fujiwara et al., 1972; Akatsuka et ai, 
1977: Mazur, 1973; Potts and Wieder, 1972). As mentioned above, it is the 
current operational method of communicating the times of most clocks 
contributing to the generation of TAI and UTC. Although the coverage is 
presently limited, the long-term plan is to continue to increase this coverage. 
Most of the northern hemisphere is currently covered by ground-wave 
propagation from Loran-C transmitters, with the exception of parts of Asia 
(see Table 13-3) (Allan et ai, 1972a). Using the ground-wave-propagated 
signal, adequate Loran-C signal is receivable up to about 2500 km over land 
and 3200 km over ocean from the transmitter (Wieder, 1971). Using the sky- 
wave-propagated signal, reception up to and even beyond 8000 km is 
possible. The ground-wave accuracy, once the path is calibrated, is typically 
better than 1 usee. The sky-wave accuracy is at least an order of magnitude 
worse than the ground-wave accuracy. Within ground-wave coverage of a 
Loran-C transmitter, frequency accuracies on the order of one part in 10 13 
can be achieved over long-term averages on the order of two months (see 
Fig. 13-1). 

Although some very good time and frequency accuracies are available with 
Loran-C, it has not proven as useful to the average user because of the fairly 
high level of sophistication needed to use the receiver equipment (Kamas and 
Howe, 1979). A variety of commercial receiver equipment is available. 

The Omega Navigation System (Pierce, 1965; Fey, 1971; Swanson and 
Kugel, 1972) has nominal worldwide coverage because of the frequencies that 
have been selected and the use of eight different transmitting stations. The 
Omega Navigation System is composed of a group of VLF radio stations 
operating in the 10-15-kHz range. Each station time-shares common 
frequencies used for navigation. In addition, each station may transmit some 
frequencies unique to that particular station. Table 13-4 lists the specifics of 
each transmitter. 

If one wishes to use an Omega station for frequency calibration, a phase- 
tracking receiver is highly recommended (Palmer, 1970). If one of the 
navigation frequencies is to be used, then an Omega commutator must also 
be used. This is a device that turns the phase-tracking receiver on and off at 
the proper time to receive only the desired Omega station. 

The frequencies and the format segments of the Omega stations are 
derived from cesium-beam oscillators. The U.S. Naval Observatory (USNO) 
monitors and reports the Omega stations' phase values. These stations 
radiate a nominal power of 10 kW. This power level should be sufficient to 
allow users to receive at least three stations no matter where they are located. 



13 FREQUENCY AND TIME COORDINATION 



249 



TABLE 13-4 



Characteristics of the Omega Navigation System Stations" 



Station 


Location 


Latitude, 
longitude 


Power 
(kW) 


Carrier 
frequencies 


Accuracy 


OMEGA 
fi/A* 


j Alda; Norway 

J- 


66°25' N 
1 3°09' E 


10 


12. r 

10.2 A 
11 1/3 C 
13.6 B 


5 x 10~ 12 


OMEGA 
D./B 


Monrovia, Liberia 


06° 18' N 
10°40' W 


10 


12.0' 
10.2 B 
11 1/3 D 
13.6 C 


1 x 10~ 12 


OMEGA 

n/c 


Haiku, Oahu, Hawaii 


21°24' N 
1 57°50' W 


10 


11. 8 C 
10.2 C 
11 1/3 E 
13.6 D 


1 x 10~ 12 


OMEGA 
O/D 


La Moure, North Dakota 


46°22' N 
98°20' W 


10 


13. l c 
10.2 D 
11 1/3 F 
13.6 E 


1 x 10 12 


OMEGA 

O/E 


La Reunion 


20°58' S 
55°17 E 


10 


12. 3 C 
10.2 E 
11 1/3 G 
13.6 F 


1 x 10" 12 


OMEGA 
O/F 


Golfo Nuevo, Argentina 


43°03' S 
65°1 1' W 


10 


12.9 C 

I A IT 

IV. Z r 

II 1/3 H 
13.6 G 


1 x 10~ 12 


OMEGA 
£i/G 


Australia 


38°29' S 
146°56' E 


10 


13.0 C 
10.2 B 
11 1/3 D 
13.6 C 


1 x 10" 12 


OMEGA 

n/H 


Tsushima Is., Japan 


34°37' N 
129°27' E 


10 


12.8" 
10.2 H 
11 1/3 B 
13.6 A 


1 x 10~ 12 



" All stations use omnidirectional antenna 

"A through H designate the eight time slots formatted over 10 seconds. The letter by the frequency 
designates the lime slot in which that frequency is broadcast. 

' Unique station frequency broadcast in (he remaining five of the eight time slots. 



f 
I 

! 



250 



DAVID W. ALLAN 



All Omega transmitting stations are synchronized by means of very 
stable cesium-beam frequency standards to within a few microseconds. 
These standards or clocks are referenced to an atomic time scale that 
is TAI - 10 sec, which was the same as UTC time on 1 January 1972. 
Choosing not to insert the UTC leap seconds causes the Omega 10-sec format 
to move nearly 1 sec with respect to UTC with each leap second. 

The propagation characteristics that permit the use of Omega at great 
range also introduce certain limitations (Kirby, 1970). Two areas that require 
special attention are normal time variations and modal interference. Since 
signals are propagated within the waveguide formed by the earth and 
ionosphere, changes in propagation parameters such as velocity may be 
expected as a result of changes in the ionosphere-ground waveguide (Burgess 
and Walker, 1970). These changes may be as much as one complete cycle at 
the carrier frequency. Sometimes, with stable reference clocks, one can 
predict across these apparent cycle jumps since these variations are often 
repeatable. 

13.2.3 Other Methods 

Television signals are probably one of the most cost-effective, precise T/F 
comparison methods available.' There are basically three schemes for using 
TV signals: two are associated with fixed transmitters and one with satellite 
transmission. For fixed transmitters one can use TV as a timing device, 
assuming fixed delays from transmitter to receiver, by extracting one of the 
horizontal synchronization lines such as line 10. One can also use it as a 
frequency calibration device. Since many of the transmitters have atomic 
oscillators for frequency control, TV techniques have been demonstrated to 
be very feasible for remote frequency calibration. 

Using a horizontal synchronization pulse, after calibrating and removing 
systematic time delays, one can achieve stabilities and accuracies on the 
order of a few microseconds. Hence, long-term multiday frequency averages 
can be as good as a few parts in 10' 3 if averaged over a long enough period 
(see Fig. 13-1) (Allan et ai, 1972a: Allan et al, 1970a). If the frequencies of the 
transmissions of the main-network TV stations are known with respect to 
some primary standard, then the TV methods can be used as common-view 
transfer standards, yielding accuracies potentially as good as a few parts in 
10 13 . The use of TV frame synchronizers has rendered the above two schemes 
nonviable except where common view of the same transmitter is utilized 
between the two sites being compared. 

s Tolman et al. (1967), Saxena and Mathur (1977), Hundertmark et al. (1976), Palii et al. (1972), 
Gabry et al. (1977), Becker and Enslin (1972), Rovera (1972), Parcelier (1970), Fujiwara et al. 
(1975), Davis et al. (1970), Miller (1970), and Fedorov et al. (1977). 
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The third scheme is being developed extremely well by the Yugoslavians 
and is mentioned here in the context of TV methods (Kovacevic et al., 1979). 
They locate the position of the satellite that is transmitting the TV signal and 
then use the encoding on the TV signal to perform the time transfer between 
two fixed points on the surface of the earth. They believe accuracies of a few 
nanoseconds can be achieved between two sites within the beam width of 
their satellite signal. This particular system is fairly exclusive to Yugoslavia. 
However, other countries are pursuing similar techniques (Takashashi, 
1976b). 

Microwave techniques have been utilized to perform submicrosecond time 
transfer (Phillips et ai, 1970, 1971 ; Curtwright, 1969). A line-of-sight path is 
chosen between two clocks and the signal is sent in both directions. 
Assuming reciprocity of the two directions allows calculation of the absolute 
delay between the two sights. The limiting accuracy is usually in the 
calibration of delays in the transmitters and receivers at each site and not in 
the assumption of reciprocity. When microwave repeaters are required for 
overland transmissions, the stability degrades due to the longer path through 
the atmosphere as well as the instabilities in the repeaters. If a repeater is 
changed along a given path, then it is extremely difficult to reproduce the 
total transmission delay to a few nanoseconds (Leschiutta, 1973: Soucek, 
1969). In the case of the television microwave system in the U. S., the delay 
may change several microseconds when components are changed in the 
microwave transmission system (Allan et ai, 1972a). With current tech- 
nology it appears that one can calibrate the equipment delays to better than 
lOnsec (Imae et ai, 1982). The errors in the assumption of reciprocity for 
line-of-sight paths are less than 1 nsec. Time stabilities for sampling intervals 
from 1 sec to several thousand seconds have been measured at the 100-psec 
level and below (Costain et ai, 1979b; Janes, 1970). If, in addition to the 
benefits of reciprocal transmissions, one can also calibrate the atmospheric 
effects, then stabilities as good as 1-10 psec can be achieved (Vessot and 
Levine, 1974; Levine, 1977; Allan, 1981). 

Portable clocks have been used for centuries in one form or another to 
transfer time and frequency between remote locations. Currently, one of the 
better ways to communicate time between two remote sites is by portable 
clock. However, with the advent of extraterrestrial dissemination methods, 
described in the following sections, that may very well change. 

The current most popular clocks are based on cesium resonators (Bodily 
and Hyatt, 1967). Rubidium has been tried with some success (Hellwig and 
Wainwright, 1975), but apparently most people feel that, considering the time 
and expense involved in making a trip, it is better to carry a cesium clock 
since cesium will outperform rubidium under transport. Portable clocks are 
usually carried to transport time, not frequency. Most people experience 
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100 



10 




0.001 0.01 0.1 I ~ 10 " " ~ 100 

REMOTE-STATION TIMING TOLERANCE (/isee) 

FIG. 1 3-2 An approximate estimate of yearly cost per station lor time synchronization by 
portable clock as a function of remote-station timing tolerance. 

fairly large inaccuracies when they try to transport frequency. However, this 
need not be the case, as will be discussed later. 

Figure 13-2 gives an indication of the cost-effectiveness of portable clock 
transports. The accuracy of this method is as good as a few nanoseconds 
between points on the surface of the earth that are reasonably accessible to 
airports. Outlined in the references (Hafele and Keating, 1972b: Ashby and 
Allan, 1979; Hellwig and Wainwright, 1975) are some ways to achieve high 
accuracy using portable clocks. 

Typically, portable clocks do not work well for frequency transfer between 
two locations, because of transport effects and environmentally induced 
instabilities. Some of the problems can be overcome. Some recovery time is 
required for the clock to reach thermal equilibrium. Also, a different 
magnetic field environment is usually encountered at each location. Often 
the frequency dividers that generate the one pulse per second (pps) from 
5-MHz signals, for example, can have significant delay variations as a 
function of temperature (on the order of several nanoseconds in some cases). 
If one wishes to use a device for frequency transport, then there are two 
important steps. First, the delay between the 1-pps tick and the next zero-volt 
crossing of the 5- or 10-MHz sine-wave output should be measured. If the 
divider is perfect, then the delay should remain constant for the clock. The 
zero crossing will usually be a much better reflection of the cesium resonator 



than will the 1-pps tick if it is properly terminated when measured and cable 
delays are taken into account. The 1-pps tick can be used to remove the 200- 
or 100-nsec ambiguity in the timing of the 5- or 10-MHz zero crossings, 
respectively. Second, the clock should be allowed to reach equilibrium (which 
usually takes a few hours), and then the magnetic field should be measured. 
This can be done on most commercial cesium clocks without opening the 
servo loop if it is done with care. The effect of the magnetic field can be 
measured to a few parts in 10 14 . These measurements allow one to account 
for different magnetic field environments at the two locations. The clock 
should be measured for a few day's time at the secondary site before being 
carried back to the original site to give a total round-trip frequency and an 
average frequency for the trip. If these procedures are followed, then 
accuracies of a few parts in 10 14 can be achieved for transferring frequency to 
remote sites (Endsley, 1982). 

Coaxial techniques for communicating time and frequency to remote 
locations have been fairly well documented (Powers, 1974). One particularly 
new and promising area, however, is optical fibers. Time stabilities on the 
order of about 30 psec have been demonstrated over a three kilometer path 
(Moreau, 1977b; Lutes, 1981). 

One of the most popular time-dissemination services offered in some 
countries is telephone time of day. These services can be accurate to better 
than 0.1 sec with time stabilities of a few milliseconds, which allows one to 
obtain frequency accuracies of about one part in 10 5 (Koide, 1966). 



13.3 EXTRATERRESTRIAL TIME AND FREQUENCY 
COMPARISON OR DISSEMINATION METHODS 

The word "extraterrestrial," is used here to refer to signals or clocks that 
are above the atmosphere of the earth. Such methods certainly include 
satellites and may also include deep-space radio sources. Over the last 
several years there has been a lot of interest in this area, and several 
interesting ideas have emerged. 8 

13.3.1 Operational-Satellite Techniques 

As a complement to its other time and frequency services, the National 
Bureau of Standards (NBS) sponsors a satellite-disseminated time code using 
the Geostationary Operational Environmental Satellite (GOES) satellites of 

5 Cooper and Chi (1979), Taylor (1974), Hanson and Hamilton (1971a,b, 1973), Chi (1975), 
Fisher et at. (1976), Buisson (1973), Gatterer et at. (1968), and Nottarp et at (1979) Allan et al 
(1985). 
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the National Oceanic and Atmospheric Administration (NOAA) (Hanson 
et al., 1979: Beehler et al, 1979). This system is an example of how a 
meteorological satellite can be used for time dissemination. The time code is 
referenced to the UTC'(NBS) time scale. Although the time code was designed 
to provide a means of dating environmental data collected by the GOES 
satellites, it can also be used as a general-purpose time reference for many 
other applications. The time code is operationally available nearly full time 
to the entire Western hemisphere from two satellites. 

There are always at least three GOES satellites in orbit, two in operational 
status with a third serving as an in-orbit spare. The western satellite operates 
at 468.825 MHz and is located at 135° West longitude. The eastern satellite is 
received on 468.8375 MHz and is positioned at 75° West longitude. The 
spare is at 105° West longitude. Coverages of the two operational satellites 
are shown in Fig. 13-3. 

The GOES satellites collect environmental data from remote sensors. The 
time code is part of the interrogation channel that is used to communicate 
with these sensors. The interrogation messages and time code are prepared 
and sent to the GOES satellites from Wallops Island, Virginia. The National 
Bureau of Standards maintains atomic clocks referenced to the UTC (NBS) 
time scale at this site to generate the time code. The time code includes a sync 
word, a time-of-year message (including day of year, hour, minute, and 
second), UT1 correction, and satellite position. A description of the time code 
and receiver is given in Cateora et al. (1978). 

The GOES time code can be used at three levels of performance: 
uncorrected for path delay, corrected for mean path delay only, and fully 
corrected. 

(1) Uncorrected: The path delay from the point of origin (Wallops Island, 
Virginia) to the earth via the satellite is approximately 260,000 usee. Since the 
signals are advanced in time by this amount before transmission from 
Wallops Island, they arrive at the earth's surface on time to within 16 msec. 

(2) Corrected for mean path delay: Accounting for the mean path delay to 
any point on the earth's surface but ignoring the cyclic (24-hr) delay variation 
generally guarantees the signal arrival time to within +0.5 msec. 

(3) Fully corrected: The cyclic delay variation is a result of the satellite 
orbit not being perfectly circular and not in the plane of the equator. The 
orbit is actually an ellipse and has a small inclination, usually less than 1°. To 
compensate for these and other effects, the satellite position is included with 
the time message for correction of path delay either by the user or 
automatically within the receiving equipment. This correction, in principle, 
provides path delays accurate to + 10 usee, assuming the availability of good 
quality satellite tracking data. The ultimate accuracy of the recovered time, 
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EAST WEST « IN-ORBIT SPARE LOCATED AT 105" W 

FIG. 13-3 Area covered on the surface of the earth by the two operational GOES satellite 
timing-signal transmissions. 

however, depends on knowledge of the satellite's ephemeris. signal path delay, 
and user equipment delays and noise levels. Approximately five years of 
experience with this system has shown that much larger errors occasionally 
occur. These errors result from such sources as unusually poor-quality orbit 
elements for the satellites being supplied to NBS by the tracking organiza- 
tions, unannounced shifts from one satellite to another, and satellite 
maneuvers. Occasional temporary time-code shifts due to such causes have 
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FIG. 13-4 lime-stability plot of filtered daily averages of GOES/EAST timing signal 
referenced to UTC(NBS). Boulder, Colorado. 

been observed at the several hundred microsecond level. However, the timing 
signal can usually be relied on to remain within ±50 usee of UTC (NBS) over 
long periods of time, that is, months (Hanson et ai, 1979). 

Figure 1 3-4 shows the variation of path-delay-corrected daily averages of 
UTC (NBS) - GOES (East) over a typical 45-day period. Figure 13-5 shows 
the performance of GOES (East) over a longer period of 258 days but based 
only on a single measurement made at 0000 UT each day. For comparison, 
Fig. 13-6 shows how the received time code varied over a period of about 6 
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FIG. 13-5 Time stability of single daily measurements taken at 0000 UT of GOES/EAST 
timing signal referenced to UTC (NBS), Boulder, Colorado. 
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FIG. 13-6 Time stability of single daily measurements taken at 0000 UT uncorrected for 
path delay for the GOES/WEST timing signal referenced to UTC (NBS), Boulder, Colorado. 



months for GOES (West) when no corrections were made to the data for 
path delay. 

Commercial receivers are available at different levels of complexity and 
performance. Based on estimates of commercial receiver sales, there are 
currently more than 400 users of the GOES satellite time code. Applications 
vary widely, with special emphasis on those situations where multiple 
receiving sites are involved that must be synchronized over large geo- 
graphical areas and where remote geographical areas are involved that are 
not well served by terrestrial-based T/F services. Examples include time co- 
ordination throughout large electric-power networks in South America, 
Central America, and Canada; provision of a widely accessible standard for 
comparing phase-angle measurements throughout electric-power networks; 
synchronization of communication-system sites, both on the ground and 
in aircraft; and correlation of extensive data collected from geophysical 
monitoring networks. 

The worldwide meteorological satellite system, of which 'he GOES 
satellites are a part, also includes operational satellites for the European and 
Japanese regions; these are known as Meteosat and GMS, respectively. A 
number of new and upgraded satellites designed to replace those currently in 
operation are in the planning, design, and construction stages, thus assuring 
continued operation of the overall system well into the 1990s. 

Although the time code is presently available only from the U.S. 
components of the international system, the appropriate bits in the data 
format needed for the time code are available on the other satellites. Some 
discussions have been held with European and Japanese T/F organizations 
and the European Space Agency concerning an international expansion of 
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the time-code capability, but firm decisions have not yet been made. Also, 
there is some possibility that an Indian Ocean satellite component of this 
overall system will be added at some later time, giving considerable 
improvement in the coverage of that region. 

Also, in the future the operational GOES time-code system may be 
improved by arranging direct access by NBS to a NOAA computer in order 
to access satellite position information on a more current basis. The system 
would then be capable of about 10-usec accuracy. 

The TRANSIT, or NOVA, satellite system is the first to provide an opera- 
tion worldwide timing system (Laidet, 1972; Stansell, 1971; Rueger, 1970. 
1 97 1 ; Beehler el «/., 1 979). The system is also known as the Navy Navigational 
Satellite System (NNSS). It currently consists of a constellation of five 
satellites in polar orbits at altitudes of about 1000 km. This altitude gives 
a If-hr orbit period, and the satellite longitudes are chosen so that any point 
on the surface of the earth can be covered by any of the satellites as the earth 
spins under their orbits. Two-minute intervals on the satellite transmissions 
are measured at Navy tracking stations, which in turn are coordinated with 
UTC(USNO). The corrections are uploaded for each satellite, so that the 
satellite signal can be traceable to UTC (USNO). By averaging over several 
of the satellites and a large number of passes, one can obtain the root-mean- 
square (rms) time errors with respect to UTC (USNO), which are less than 
10 usee (Beehler et ai, 1979). Figure 13-7 illustrates the improvement gained 
by averaging sequential passes, and Fig. 13-8 illustrates the stability obtained 
by averaging 30 passes over an 8-month period with UTC (NBS) as the 
reference. At any given single measurement the time difference with respect to 
UTC (USNO) should be less than 50 usee. The transmission frequency for 
transit is 400 MHz, and commercial receivers are available in the $12,000 
price range. One-day averages would allow a frequency calibration of better 
than one part in 10 10 . The accuracy of calibration would nominally improve 
as the inverse of the averaging time. 

13.3.2 Experimental-Satellite Techniques 

There are several very interesting experiments that have been done 
comparing T/F at remote locations, and there are several experiments that 
are either in process or being planned. We shall look briefly at some of the 
experiments that show future potential. 

Although T/F services such as those described earlier will continue to serve 
the needs of a great majority of users for many years to come, they are already 
proving to be deficient for 'applications demanding state-of-the-art accu- 
racies. As more sophisticated technology continues to be introduced 
throughout most societies, T/F dissemination and coordination capabilities, 
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FIG. 13-7 Standard deviation of received transit signals as a function of the number of 
satellite passes averaged (all satellites included). 
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which are important components in many cases, will have to show cor- 
responding improvement. At least in the case of present terrestrial-based T/F 
services, however, such improvements will be extremely difficult and expen- 
sive or, in some instances, virtually impossible due to fundamental limi- 
tations. For example, the accuracy of time transfer via HF and LF radio 
propagation will, in general, always be limited to about the levels achievable 
now due to the uncertainties and disturbances introduced by the propagation 




FIG. 13-8 Time stability of transit-timing signals averaging 30 satellite passes per point 
referenced to UTC (NBS), Boulder, Colerado. 
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media. Even in the case of a need for improved coverage, where one might 
expect to alleviate the problems by simply implementing more HF radio 
stations, we are already seeing the disadvantages of this approach, in some 
regions of the world, in the form of increased mutual interference. 

In recognition of this need to explore other possibilities for improving 
time-transfer capabilities in the future, Study Group 7 of the Consultative 
Committee for International Radio (CCIR) has initiated a study of satellite- 
based alternatives for improving T/F dissemination and coordination. The 
emphasis of this study is on satellite systems and techniques that offer 
reasonable promise of supporting operational, long-term needs as contrasted 
with short-term experiments. A special Interim Working Party (IWP) 7/4 
has been established to perform this study and, while this task is not yet 
concluded, some useful background information on various satellite alter- 
natives has been accumulated and is being evaluated. Part of the work of this 
committee has been used in developing this section (CCIR, 1982). 

The availability and use of communication channels provided by oper- 
ational communication satellite systems is growing dramatically. 8 For 
high-accuracy, point-to-point time comparisons, two sites can arrange 
simultaneous exchange of timing signals through a satellite link. At each site 
the measurements consist of time differences between the transmitted and 
received time markers. Assuming that signal delays through the propagation 
medium, the satellite transponder, and the receiving-transmitting equipment 
are symmetrical, the time difference between the two sites can be computed 
simply from the measured time differences at each site without any know- 
ledge of the satellite or user locations. Currently available communication 
satellites operate either in the 4/6-GHz or the 1 1/12/14-GHz allocated bands. 
The user has considerable flexibility in selecting the signal design and, in 
some cases, the channel bandwidth. With some systems entire 36-MHz-wide 
transponder channels must be leased; in others, each channel can be 
subdivided. In digitally oriented systems, data-bit rates of 56 kbit/sec are 
often available as a "standard" channel, but bit rates of 1.5 Mbit/sec and 
higher are often available. In one-hop two-way situations, time stabilities of 
less than 1 nsec have been achieved when taken over several minutes of data 
(Costain et al., 1979b). The time-transfer accuracy is still being researched 
and investigated, but it appears that 6 nsec or better is achievable (Imae et al., 
1982). 

The Global Positioning System (GPS), also known as NAVSTAR, is being 
developed by the U.S. Department of Defense as a high-accuracy, con- 

5 Steele i'l nl. ( 1464). Smith et til. (1977). Markowitz et al. (1966). Sabun et al. (I976a.b), Easton 
et til. ( 1974). Yamamoto et til. (1976). Detoma and I.cscliiutta (1980). Mathur et al. (1980). and 
Brunei (1979). 
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tinuously available navigation-position-location system (Ward, 1976; 
Buisson et ai, 1976; Grenchik and Fang, 1977; Milliken and Zoller, 1978). 
The system will eventually include 18 operating satellites, arranged in 3 
orbital planes at nominally 55° degrees inclination to the ecliptic. The 18 
satellites in 12-hr orbits will result in several satellites being in view of any 
specific location at any time. Each satellite will contain atomic clocks 
(cesium, rubidium, and hydrogen devices are all being investigated) to 
generate extremely well-characterized timing signals as part of the navigation 
message format. The system will be supported by an extensive network of 
monitoring and control stations that will provide updated timing corrections 
to the onboard atomic clocks. GPS time will be kept within 100 nsec of 
UTC (USNO). The complex GPS signal format is transmitted to users on 
frequencies of 1575 and 1228 MHz and can be received with relatively small 
omnidirectional antennas. Coded information is included, giving clock 
corrections, ionospheric corrections, and satellite ephemeris data for calculat- 
ing the one-way propagation delay. The GPS signal is designed to provide 
navigation and time information at two different accuracy levels. 

It is important to understand that the U. S. Department of Defense has not 
yet formally announced decisions that could have a major impact on the 
time-transfer capabilities of GPS for nonmilitary users. Examples of ques- 
tions that remain to be officially answered include the extent to which access 
to the GPS timing information may be controlled for nonmilitary users and 
the extent, if any, to which the full timing accuracy of the GPS may be 
intentionally deteriorated for nonmilitary users. Because this information is 
not available at present, the background information in this chapter is based 
on generally available publications and reasonable projections from a variety 
of (nonofficial) sources. In particular, where timing accuracies are projected 
or referred to, it must be understood that what eventually becomes available 
from the GPS, assuming full implementation of the system, could be 
substantially different from that expected to date or projected herein. 

As of February 1983 six GPS satellites were in orbit and being evaluated. 
All carry rubidium standards and quartz crystal oscillators, and two also 
have cesium standards. Full implementation (18 satellites) is projected for the 
last quarter of 1988. A variety of GPS navigation and timing-receiver 
developments, intended for various applications, are in progress. 

There are four basic approaches to using signals from the GPS satellites. 
The first three approaches utilize the clear-access signal. As shown in Fig. 
13-9a, one simply extracts GPS time from the satellite. This approach should 
have an accuracy, internationally, of about 100 nsec. The second approach, 
shown in Fig. 13-9b, is what could be called the clock flyover mode; the same 
clock is used at both sites (Besson, 1970, 1974; Besson et ai, 1978). Any two 
sites on the surface of the earth would be able to observe the same clock 
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FIG. 13-9 Alternative methods of using GPS for time transfer, (a) GPS lime ( - 1 00 nsec), (b) 
clock flyover (~ 50 nsec), (c) differential common view (< 10 nsec), (d) VLBI techniques over short 
baselines (g 1 nsec). 



within a 12-hr interval. It is projected that accuracies on the order of 50 nsec 
could be achieved in this mode by comparing the received GPS times of the 
two ground-station clocks. The third approach, shown in Fig. 13-9c, is called 
the common-view approach, that is, both ground-station clocks observe the 
same satellite simultaneously (Allan and Weiss, 1980; Davis et a/., 1981; 
Starker el ai, 1982; Clements, 1982). In this case the time error of the satellite 
clock has no effect on the time-transfer error, and the ephemeris error is 
reduced by approximately an order of magnitude, depending on geometries 
and propagation circumstances. Accuracies of about 10 nsec are believed 
achievable using this approach. For short baselines, this approach should 
yield accuracies approaching 1 nsec as the common-mode cancellation of 
errors improves for both the satellite ephemeris error and the ionosphere 
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propagation errors. If the ionospheric delay could be measured, errors less 
than 1 nsec might be achievable (Buennagel et ai, 1982). 

The last approach, shown in Fig. 13-9d, is being developed for geodesy 
purposes and is the same idea as that employed in very-long-baseline 
interferometry (VLBI) (Mac Doran, 1979). In this case, however, the baselines 
are very short and one simultaneously looks at four satellites from two 
ground stations using wideband receivers tuned to the full GPS signal. The 
potential accuracies are in the subnanosecond range, but the equipment 
employed is more complex than with the other methods, since a computer 
cross-correlator and radiometers similar to those used in VLBI are needed. 
The common-view approach is the most cost-effective. Figure 13-10 shows a 
calculated time transfer using the common-view approach, as would result 
from the satellite ephemeris errors between the BIH and NBS (with a baseline 
angle of 74.4°). There are time-transfer errors of about 4 nsec from a 25-nsec 
rms ephemeris uncertainty when the satellite is nominally midway between 
the two sites. Differential propagation fluctuations will add additional 
uncertainties of several nanoseconds to the measurement. 

The laser synchronization from stationary orbit system (LASSO), as 
proposed to the European Space Agency (ESA) by the BIH, employs a laser 
retroreflector mounted on a suitable geostationary satellite and laser- 
telescope-cquipped ground stations that are to be synchronized (Serene and 
Albertinoli, 1979). Each ground station arranges to transmit laser pulses to 
the spacecraft, detect the returned pulses, and measure the round-trip delay 
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FIG. 13-10 Profile map showing the rms time-transfer error between Boulder, Colorado, 
and Paris, France, by simultaneously viewing the same GPS satellite, which has an rms position 
error equivalent to 25 nsec. The contour lines are for the overhead position of the GPS satellite. 
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lime. On the spacecraft the pulses received from the ground stations are 
detected and their times of arrival are measured in terms of a spacecraft clock. 
These measured differences in the arrival time at the spacecraft are then 
combined with the measured round-trip delays from each ground station and 
the known time relationship of the emitted laser pulses to the local clock at 
each station to provide the time differences among the ground-station clocks. 
The spacecraft timing data can be sent to the ground stations after the fact by 
normal telemetry channels, and the ground stations can exchange their data 
via modern or other terrestrial links. 

A spacelab experiment featuring cesium and rubidium atomic clocks is 
scheduled to be launched in June 1985. The work is being sponsored by the 
Bundesministerium fur Forschung und Technologie of the Federal Republic 
of Germany and is a part of a joint agreement between ESA and NASA. The 
objectives of the experiment are to synchronize distant ground stations with 
an accuracy of better than lOnsec. Spread-spectrum signals will be used 
(Starker et ai, 1982). 

The NASA Office of Space and Terrestrial Applications (OSTA) is 
considering a Space Shuttle experiment called STIFT to demonstrate 
techniques for global high-precision comparison of clocks and primary 
frequency standards (Decher et a/., 1982). The experiment would involve a 
hydrogen-maser clock on board the Shuttle. Transmission of microwave and 
pulsed-laser signals would be used to compare the space clock in the Shuttle 
with a clock in a ground station. The goal of the proposed experiment is to 
demonstrate time transfer with accuracies of 1 nsec or better and frequency 
comparison of clocks at the 10 _14 -10" 16 accuracy level (Allan et al., 1981). 

There are special opportunities with communication satellites. One sugges- 
tion that has been made is to use to VHF transponders on such satellites 
for time dissemination. These transponders are used mainly during initial 
orbit-insertion maneuvers and thus may be available for other ancillary 
applications once the satellite is well established in its operational orbit. 

In one specific case (India) an arrangement has been worked out for access 
by the National Physical Laboratory (NPL) in New Delphi to a portion of 
the communications spectrum on the Indian National Communications 
Satellite (INSAT) for the specific purpose of time dissemination on an 
operational basis. A 10-kHz channel will be made available on the S-band 
frequency channel, and planning is underway to provide a complete timing 
signal, including position information on the satellite for one-way path-delay 
correction by users. Experiments are still being conducted in preparation for 
implementing this T/F service on the INSAP-1B satellite (Jain and Kumar, 
1981; Mathur, 1981). 

Time-comparison experiments conducted with an experimental, improved 
TRANSIT (NOVA) satellite have indicated that accuracies of better than 
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100 nsec are achievable (Taylor, 1974: Rueger and Bates, 1979). This 
improved performance, relative to the operational TRANSIT results, is due 
mainly to use of spread-spectrum, pseudo-random-noise-coded satellite 
signals and sophisticated receivers. 

One NOVA satellite was launched during 1981 with the pseudo-random- 
noise (PRN) capability. As of this writing, there is no approved operational 
requirement for keeping the PRN code turned on, and it remains uncertain 
whether such improved signals (for timing) will be available on a long-term 
basis. 

The TDRS system is being implemented to provide two-way relay of 
tracking and other types of data between NASA ground facilities and low- 
altitude orbiting satellites in the 1980s. The system will include two 
operational geostationary satellites at 41° W and 171° W longitude and a 
dedicated spare in orbit with the master control center at White Sands, New 
Mexico. With these locations the TDRS system could provide timing links to 
laboratories all the way from Japan and Australia through North America, to 
and including all of Europe. While the TDRS system is mainly intended to 
communicate with orbiting spacecraft, some NASA tracking stations will 
also be in the system. The possibility may exist for timing organizations to 
also participate as users. In one possible high-accuracy, two-way mode each 
timing user could have an S-band (~2-GHz) transponder with suitable 
auxiliary systems on-site. A timing signal consisting of an identified point in a 
PRN code sequence could be transmitted at K band from the master control 
station to the TDRS satellite and then to a timing user at S band. This user 
could then measure the time of arrival in terms of his local clock, encode this 
information onto the TDRS signal, and return the signal to the control 
station via the satellite once again. The user could also generate a local timing 
signal and transmit it to the control station. Propagation delays can be 
accurately dealt with, and time-transfer accuracies of about 10 nsec should be 
possible. For operational use, one could envision a periodic sequence of 
measurements comparing each timing laboratory in turn with the master 
clock reference in New Mexico. Such regular comparisons could perhaps be 
scheduled and coordinated by NASA, the BIH, or some other interested 
organization (Chi, 1979; Laios, 1972). 

Fixed-location users on the earth might also have the option of using the 
TDRS signals in a lower-accuracy, one-way mode by making suitable 
computations and corrections for path delay. There is some possibility that a 
time-of-day code may be added to the TDRS capabilities. 

The TDRS system is currently in the implementation stage with one of the 
two principal satellites in orbit. Since some operational aspects of the full 
TDRS system are still under discussion, the potential role for future time 
comparisons and distribution remains unclear. 
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Terrestrial time comparisons, both within local areas and over much 
longer distances, are conducted routinely in many countries by having two 
sites simultaneously observe a designated synchronization pulse within the 
normal TV transmission format. When both sites are within common view of 
a single TV transmitter, clock time differences can be measured to accuracies 
of ~ 1 00 nsec or better, assuming the differential propagation path delay can 
also be determined. This method is also useful at larger distances, where two 
different TV transmitters that are interconnected in a TV network can be 
observed. With the present trend toward developing TV broadcast capabili- 
ties from dedicated satellites, it may become feasible to apply the same TV 
time-synchronization methods to the satellite TV case. The satellite TV 
pulses can certainly be received over larger areas and measured against local 
clocks with high resolution (a few nanoseconds). The accuracy with which 
two clocks can be compared, however, depends on knowing the differential 
propagation delay. One interesting idea is to accurately range the TV satellite 
via a few laser ranging stations and then use this information to compute the 
path delays. Another variation, suggested by the BIH, would use the LASSO 
technique to calibrate the emission time of the satellite TV pulse, which 
would then be used to transfer time to individual users via one-way reception 
of the pulse. A third possibility would be for several timing centers to provide 
their own high-accuracy satellite-position information by comparing the 
reception times of selected TV pulses. Still another approach for using TV 
broadcast satellites — in this case with more emphasis on general time 
dissemination — involves encoding time-of-day information into the TV 
signal vertical-blanking interval. It can then be received and decoded over 
wide reception areas with modest accuracy, which is sufficient for many 
public timekeeping needs. 

Television broadcast satellites are currently under development to serve a 
number of countries and regions throughout the world. T/F dissemination 
experiments using such satellites are being conducted in Japan (Ishida et at., 
1979; Saburi et al, 1979) and are planned for India and Europe. The vertical- 
interval time code has been tested experimentally in the United States and 
may be implemented later on some European TV satellites as they become 
operational. 

A proposal for international time and frequency coordination using 
geostationary meteorological satellites is being pursued. An accuracy of 
10 nsec worldwide as frequently as every 3 hr on a continual basis is 
anticipated. 

The international system of satellites of interest is provided by Japan, the 
United States, and the European Space Agency (ESA). The satellites are all 
geostationary and include METEOSAT, operated by ESA and located 0° E 
longitude, Japan's Geostationary Meteorological Satellite (GMS), located at 
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140° E longitude, and two Geostationary Operational Environmental 
Satellites (GOES), operated by the United States and located at 225° E and 
285° E longitude. Each of these satellites is supported by a ranging system for 
determining the satellite position at fixed intervals of time, usually every three 
to four hours. These data are then used to generate a set of orbital elements 
for the purposes of stationkeeping and position prediction. The approximate 
earth coverages of these satellite systems are shown in Fig. 13-11. 

13.3.3 Deep-Space Radio-Source Techniques 

Most deep-space experiments involved either geodesy or the study of deep- 
space signal sources. Most of these projects are involved with very-long- 
baseline interferometry (VLBI) techniques. In the long term a cooperative 
effort between the VLBI community and the T/F community could lead to 
significant benefits for both. The philosophy of the VLBI community is to use 
at each site very good frequency standards, typically hydrogen masers, whose 
frequencies are nominally syntonous (i.e., the frequencies are the same) with 
each other, and then to store the received radio-source data from large 
antenna on magnetic tape and cross-correlate the data after the fact. Once 
cross-correlated, they are in effect finding time resolution between the signals 
that is subnanosecond. Ten-picosecond resolution has been achieved. The 
potential for this technique to do extremely precise remote synchronization is 
incredibly high. The problem is to have real-time clocks at each site at that 
level of synchronization. Also, any of the techniques involved in studying 
deep-space radio sources have the very significant disadvantage that the 
signal strength is about 10 s smaller than signals from satellites. Hence, 
almost all of these techniques require extremely sophisticated equipment, 
very-low-noise electronics, and usually very large antenna surfaces in order 
for the receiver to have adequate gain to receive the signals. 

13.4 COORDINATE TIME FOR THE EARTH 

As the accuracies of time and frequency methods for communicating 
between clocks at remote locations have improved, the relativistic corrections 
have become operational realities (Ashby, 1975; Ashby and Allan, 1979; 
Saburi et al, 1976a,b). The September 1980 Consultative Committee for the 
Definition of the Second (CCDS) agreed upon a declaration establishing 
international atomic time (TAI) as a coordinate time scale to conform with 
the definition of the second as realized at the geoid (mean sea level) on the 
rotating earth and that the reference frame for this coordinate time scale 
would be a geocentric reference time frame. It was further declared that all of 
the appropriate relativistic correction be applied so that TAI could be 
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realized as a coordinate time scale on the surface of the earth. If TAI is used as 
a reference, the following equations allow one to reference to TAI un- 
ambiguously at nanosecond levels of accuracy. If clocks at two remote sites 
wish to have self-consistent coordinate measurements, then they must also 
use these equations if nanosecond or better accuracy and consistency are 
desired . 

Since TAI has been designated as a coordinate scale (i.e., a time scale 
defined in space and time in the vicinity of the earth), this implies that UTC 
is also a coordinate scale, to be distinguished from Universal Time Co- 
ordinated. That is, UTC uses the same second based on the definition that 
TAI uses, but leap seconds are added to UTC so that it is "coordinated" with 
UT1 for navigational reasons. 

When transferring time from point P to point Q by means of a portable 
clock, the coordinate time accumulated during transport is 



+ ~A F , (13- 
c 



where c is the speed of light, to the angular velocity of rotation of the earth, v e 
the velocity of the clock with respect to the ground, r a vector whose origin is 
at the center of the geoid and whose terminus moves with the clock from P to 
Q, A Y . the equatorial projection of the area swept out during the lime transfer 
by the vector r as its terminus moves from ? to Q, AK(r) the potential 
difference between the location of the clock at r and the geoid as viewed from 
an earth-fixed coordinate system, with the convention that AF'(r) is positive 
when the clock is above the geoid, and ds the increment of proper time 
accumulated on the portable clock. The increment of proper time is the time 
accumulated on the portable standard clock as measured in the "rest frame" 
of the clock, that is, in the reference frame traveling with the clock. The area 
A E is measured in an earth-fixed coordinate system. As the area A E is swept, it 
is taken as positive- when the projection of the path of the clock on the 
equatorial plane is eastward. When the height h of the clock is less than 24 km 
above the geoid, AF(r) may be approximated by gh, where g is the total 
acceleration due to gravity (including the rotational acceleration of the earth) 
evaluated at the geoid. This approximation applies to all aerodynamic and 
earthbound transfers. When h is greater than 24 km, the potential difference 
AF(r) must be calculated to greater accuracy as follows: 

AK(r) = - GMA 1 - — ) - \ o> 2 (r 2 sin 2 6 - a 2 ) 



(13-2) 
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where a l is the equatorial radius of the earth, r the magnitude of the vector r, 
0 the colatitude, GM e the product of the earth's mass and the gravitational 
constant, and J 2 the quadrupole-moment coefficient of the earth, 
J 2 = 1.083 x 10 -3 . 

When transferring time from point P to point Q by means of a clock whose 
distance from the center of the earth is less than 50,000 km (about 8 earth 
radii), the coordinate time elapsed during the motion of the clock is 

rQ r |/(r) - y V 2 1 

"-lA'-^+m- (13 " 3) 

where K(r) is the potential at the location of the clock and v is the velocity of 
the clock, both as viewed [in contrast to Eq. (13-1)] from a geocentric 
nonrotating reference frame, and V g is the potential at the geoid, including the 
effect on the potential of the earth's rotational motion. Note that 
AV{r) V(r) — V since V(r) does not include the effect of the earth's 
rotation. This equation applies to clocks in geostationary orbits. 

When transferring time from point P to point Q by means of an 
electromagnetic signal, the process can be viewed either from a geocentric, 
earth-fixed, rotating reference frame, or from a geocentric, nonrotating, local 
inertial frame. From the viewpoint of a geocentric, earth-fixed, rotating 
frame, the coordinate time elapsed between emission and reception of an 
electromagnetic signal is 

1 f Q 
At = - J da 

where da is the increment of standard length, or proper length, along the 
transmission path, AV(t) the potential at the point r on the transmission path 
less the potential at the geoid [see Eq. (13-3)] as viewed from an earth-fixed 
coordinate system, and A E the area circumscribed by the equatorial pro- 
jection of the triangle whose vertices are (1) at the center of the earth, (2) at 
the point P of transmission of the signal, and (3) at the point Q of reception of 
the signal. The area A E is positive when the signal path has an eastward 
component. The second term amounts to about a nanosecond for an earth 
to geostationary satellite to earth trajectory. In the third term, 2a>/c 2 = 
1.6227 x 10~ 6 nsec/km 2 : this term can contribute hundreds of nanoseconds 
for practical values of A E . 

13.5 LEVELS OF SOPHISTICATION AND ACCURACIES 
FOR THE USERS 

We shall divide the anticipated users into two groups. There are those who 
wish to buy commercially available equipment, "plug it in," and hope it works ! 
The second group consists of those who are willing to expend some effort. 
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TABLE 13-6 

International Time and Frequency Comparison (<§ 1 usee) 





Time-transfer 


Time 


Frequency 






accuracy 


stability 


synlonization 


Coverage for 


System 


(nsec) 


(nsec) 


accuracy 


stated accuracy 


GPS (common view) 


10 


1 


< 10 - 14 


Global 


Shuttle (STIFT) 


1 


0.001 


<HT 14 


To ±57° latitude 


GOES (trilateration) 


10 


a few 


<10~ 13 


AH but near the poles 


LASSO 


1 


0.1 


<io- 14 


Depends on implementation 


GPS 


40" 


10 


-3 x lO" 13 


Global 


2-way (communication 


10 


<1 


-lO"' 1 


All but near the poles 


satellite) 










Portable clock 


100 


N/A 


<ur 12 


Global (best accuracy within 
reasonable driving vicinity 
of airports) 


Loran-C 


500 


<40 


<10~ 12 


Excludes most of Asia and 



Southern Hemisphere 

" Tins inaccuracy may increase if the GPS C A code is deteriorated for strategic reasons. 

perhaps because of broader coverage or higher levels of accuracy that may be 
needed in the particular comparison or dissemination system being employed. 

13.5.1 Typical User Applications 

Table 13-5 summarizes the main characteristics of major time and 
frequency dissemination systems. Specific examples are given for U.S. 
controlled systems. The entries in the table are nominal values. Depending on 
the specific technique employed, the actual accuracy values achieved may be 
as much as an order of magnitude better or worse than the nominal values 
listed, and there may be specific departures from the values given resulting 
from unusual circumstances. 

13.5.2 Sophisticated and High- Accuracy Techniques 

The techniques listed in Table 13-6 are experimental in nature and may be 
very labor intensive, requiring very sophisticated users on each end as T/F 
comparisons are made between clocks. The table gives some indication of the 
coverage and possible accuracies that might be achieved by the experimental 
systems that are being tested or are anticipated. 

13.6 SUMMARY 

Over the last several decades frequency standards have improved about 
one order of magnitude every seven years. The uses and needs of accurate 
time and frequency standards have, in a general sense, tracked this improve- 
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ment. The use and need areas have usually been in the navigation and 
communication fields. As high technology continues to increase its demands 
on these and related fields, the need for improved T/F standards will persist 
as well as the need for improved methods of synchronization and syntoni- 
zation between remote sites. These improved methods will draw heavily upon 
satellite techniques for comparing, calibrating, and measuring the improved 
clocks and oscillators. There are some attractive options being developed, 
and the potential appears nearly unlimited. With these increasing demands 
the use of terrestrial techniques will undoubtedly diminish, especially as radio 
interference becomes more and more of a problem. 

To illustrate this trend, consider the backbone T/F dissemination tech- 
niques of the past. These have been the MF and HF transmissions, for 
example, JJY, CHU, WWV, and WWVH, with accuracies of about a 
millisecond in time and parts in 10 8 -10 9 in frequency. These accuracies 
cannot be improved, because of terrestrial propagation problems, and the 
expense to run them soars with the energy costs. Increasing the transmission 
power only increases the costs and the radio frequency interference problems. 
In contrast, there is now being developed, using satellite techniques, a low- 
cost operational system with worldwide coverage that is anticipated to have 
1-usec accuracy in time and a few parts in 10 12 in frequency. Experimental- 
satellite T/F systems have already demonstrated two to three orders of 
magnitude better accuracy performance than even this new anticipated 
operational satellite technique. On the "drawing boards" are satellite 
techniques with accuracies that push into the few picoseconds region in time 
and the parts in 10 16 region in frequency. It has only been recently, with the 
advent of satellite techniques, that remotely located atomic clocks have been 
able to be compared at state-of-the-art levels of accuracy with averaging 
times of only a few days. With terrestrial means it took months. 

In order for this congruency between remote T/F measurement methods 
and improving clocks to continue, it will clearly be necessary to continue 
developments in both fields. Fortunately, this seems to be happening. 
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14.1 INTRODUCTION 

In addition to the quantum electronic devices described in Chapter 10 and 
the bulk quartz and SAW oscillators discussed in Chapter 8, there are a 
number of other methods for precision frequency control. The frequency- 
controlling elements used in these techniques include high-Q tuning forks, 
high-Q LC circuits, superconducting cavities, and other high-Q resonators. 

Techniques for frequency control with these devices have many similarities 
with those discussed in Chapters 8 and 10. General considerations outlined 
by Cutler and Searle (1966) can be used to estimate the limits of frequency 
stability due to wideband additive noise and thermal noise within the 
bandwidth of the resonator, that is, the frequency-determining element. 
Specifically, 
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where k is Bollzmann's constant, 7 the noise temperature of the resonator, v 0 
the resonance frequency, F the noise figure of the first signal amplifier not 
filtered by the resonator, B the noise bandwidth of the receiver-plus- 
measurement system, P 0 the output power received at the first amplifier not 
filtered by the resonator, Q l the loaded-resonator quality factor, P h the total 
power dissipated in the resonator and its load, and t the measurement 
interval. The first term on the right-hand side of Eq. (14-1) is due to additive 
noise of the receiver measurement system, whereas the second term is due to 
noise within the resonator bandwith perturbing the phase of oscillation. 
These two considerations therefore favor high-Q resonators operating at the 
highesL possible power and frequency. Practical limitations come from 
systematic shifts or degradation in the resonator and/or degradation of 
receiver noise performance with increased resonator frequency and/or power 
levels. The following equation describes the empirical relationship between 
resonator Q factor and the best frequency stability observed with a given 
system, which seems to apply to many different techniques for frequency 
control [see, e.g., Table 3 of Hellwig (1979)]: 

Av/v 0 s ftrl0 7 fi 2 < /J < 100. (14-2) 

The empirical constant ji is as low as 10 in many systems. 

In addition to these random processes, many environmental parameters, 
such as temperature, excitation power, vibration, shock, radiation, outgas- 
sing, chemical processes, etc., affect the frequency and frequency stability of 
real devices. The performance of these devices indicated in the literature is 
often directly due to the technology available at the time and the constraints 
of the specific applications and as such may not apply to a new application 
due either to changes in technology or the presence of different constraints, 
such as size, power, weight, complexity, etc. 



14.2 LOW-FREQUENCY DEVICES 

In this section devices operating at frequencies under about 1 GHz are 
described. 

14.2.1 Quartz Tuning Forks 

The first low-frequency quartz resonators used for watch applications were 
flexure bars at 16 kHz and then at 32 kHz (Forrer, 1969; Musa and Daniels, 
1971 ; Engdahl and Matthey, 1975). However, they were replaced by tuning 
forks, which typically have better long-term stability, are easier to mount, are 
more rugged, have less susceptibility to shock, have better frequency stability, 
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and occupy less volume than comparable flexure bars. As a consequence they 
have been widely used for highly stable, low-frequency oscillators. 

The first quartz tuning forks were made in 1928 by Koga (1928). They were 
of proportions similar to the classical metal tuning forks and were operated 
at 1 kHz. More recently, the interest has been in obtaining much higher 
frequencies and much smaller size, but still with "bulky" tuning forks (Yoda 
et al., 1972: Kanbayashi et ai, 1976; Bindal and Singhal, 1976; Schwartz, 
1972). 

The crucial breakthrough in terms of size and cost originated with Staudte 
(1973), who used photolithographic techniques to produce "thin" tuning 
forks with typical dimensions 6 mm long, 1 mm wide, and 0.025 mm thick. 
These devices can be made with fundamental frequencies from 1 0 to 300 kHz. 
Other frequencies can be obtained by using the first overtone (which is about 
5.8 limes higher than the fundamental) or by frequency multiplication or 
division. Much of the recent work has been done at v = 2 15 = 32,768 Hz 
because of the straightforward division to one cycle per second and the 
convenient device parameters for the clock industry. 

The flexural vibration is obtained by means of two opposite length- 
extensional vibrations. This requires double electrodes to apply the out-of- 
phase driving signals on the four faces (bulky tuning fork) or on the two faces 
(thin tuning fork) of each arm of the tuning fork (Fig. 1 4- 1 ). As a consequence 
plating becomes more difficult to perform. The crystal plale can be rotated 




(a) (b) 

FIG. 14-1 (a) Orientation and (b) electrode configuration of "thin" and "bulky" tuning 
forks. 
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TABLE 14-1 

Typical Characteristics of 32-kFiz Quartz Tuning Forks 



Parameter 


jJJJl UAlllldlG Vdl UC 


Approximate size 


6 mm x 1 mm x 0.2 mm 


Q factor 


30,000-120,000 


Motional resistance 


-1 0-400 k£2 


Temperature sensitivity 


Av/v 3 4 x 10 B (T~ T 0 ) 2 


Frequency shift vs. power 


Av/v s 10 _5 /|iW 


Tuning range 


Av/v s 10' 4 


Acceleration sensitivity 


Av/v 3 10- 7 /g 



around the x axis to obtain a 5° X-cut for instance, which would have a better 
frequency versus temperature characteristic. 

In fact, today the choice between bulky and thin tuning forks is not yet 
clear and the choice is a function of compatibility with the pressure of 
industrial large-scale production, cost, and reproducibility of the parameters. 
Table 14-1 shows some approximate parameters for 32 kHz resonators 
(Engdahl and Matthey. 1975: Kanbayashi et al, 1976; Kusters ex al 1976 
Yoda ex al, 1972). 

M any studies have been made of various parameters versus cut angles and 
tuning-fork parameters. Temperature sensitivity is a critical point for most 
applications because these devices exhibit a parabolic frequency versus 
temperature characteristic rather than a cubic one as for AT-cut thickness- 
shear crystals. Attempts have been made to reduce this sensitivity, with only 
moderate success. Kusters ex al. (1976) investigated first-order temperature- 
coefficient turnover point and Q factor versus length-to-width ratio at doubly 
rotated cut angles for 32-MHz tuning forks, and Kanbayashi et al. (1976) 
investigated the effects of asymmetry on frequency. 

Limitations on frequency stability due to added noise for the high-series- 
resistance units characterized by Kusters et al. (1976) can be estimated using 
Eq. (14-1). For the purpose of calculation, let us assume an amplifier noise 
figure of F = 2, a dissipation power of 1(T 8 W, and a measurement 
bandwidth of 1 kHz. Equation (14-1) then shows that the frequency stability 
is dominated by the additive noise for times shorter than 10 sec: 

ff v (T) ^ 1.5 x 10- "V. 

The above performance has not, to our knowledge, ever been verified, since 
virtually all of the tuning forks have been used without protection from 
environmental effects such as temperature, supply variations, shock, etc. In 
addition, the CMOS oscillator circuit that is normally used limits the 
observed frequency stability to about 1 x 10" 7 at 1 sec. In a more stable 
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circuit 1-sec frequency stability would be expected to improve by one to three 
orders of magnitude, limited by the thermal and vibrational environment. 
Frequency drift or aging of 1 x 10" 7 per year or 3 x 10" 10 per day has been 
reported for some types of tuning forks (see, e.g., Fig. 6-2) (Yoda et al.. 1972; 
Kanbayashi et al., 1976). 

The relatively low-drift, good short-term stability, and extremely low cost 
of modern tuning-fork fabrication and divider chips would seem to make this 
device an excellent candidate for low-cost timing applications and precision 
low-frequency oscillators. 

1 4.2.2 Other Low-Frequency Devices 

Several other techniques are capable of producing precision frequency 
sources with fractional-frequency stabilities of order 10" q . These techniques 
can be typified by LC resonators with Q values of order 10 3 and relatively 
high oscillation powers. An example of this approach is seen in the tunnel- 
diode oscillators developed by Van Degrift (1975), shown schematically in 
Fig. 14-2. For an oscillator frequency of 3.7 MHz, resonator Q of =■ 10 3 , and 
oscillator power of 10" 8 W, he obtained the results shown in Fig. 14-3. In 
principle, even belter results could have been obtained for times shorter than 
= 10 sec by going to a higher frequency, where the additive noise is less 
important. Another example is the stripline oscillator developed by D. A. 
Howe and described by Wineland et al. (1977). This oscillator, whose 
resonator cross section is shown in Fig. 14-4, produces 5 m W at about 
500 MHz: however, similar designs can cover the range from = 100 MHz to 
several gigahertz. Figure 14-5 shows the frequency stability of a 500-MHz 
oscillator divided down to 5 MHz. The divider noise masks the stability for 
very short times. The performance at times longer than a few milliseconds is 
most likely dominated by fluctuations in the teflon-based laminate used for 
the stripline. The use of a different substrate material with better dimensional 
stability and comparable or lower losses, such as alumina, might significantly 
improve the frequency stability beyond about 10 msec. The improved 




FIG. 14-2 Block diagram of tunnel-diode oscillator. [From Van Degrift (1975).] 
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10-8 




10-1 1 10 102 

SAMPLE TIME T(sec) 



FIG. 14-3 Frequency stability <r v (r) versus averaging lime for a cryogenic 3.7- M Hz tunnel- 
diode oscillator with I'„ = 10" 8 W: the measurement bandwidth is 2.5 Hz. The stability at point 
A is probably limited by the measurement apparatus. [From Van Degrift (1975).] 




TEFLON PC. — ^ TRANSMISSION 
BOARDS LINE 



FIG. 1 4-4 Cross section ol'a stripline resonator for use at 500 MHz. The unloaded Q factor 
is about 500. [From Wineland el al. (1977).] 



10- 8 L 



10-9 



10-10 



1Q-" ! i i 

10-3 10- 2 10- 1 10 
SAMPLE TIME T(sec) 

FIG. 14-5 Frequency stability of a 500-MHz stripline oscillator divided down to 5 MHzfor 
a measurement bandwidth of 40 kHz (upper curve) and 400 Hz. (lower curve). [From Wineland 
el al. (1 977).] 
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stability from 1 to 10 msec, as compared to the tunnel-diode circuit, is due to 
the higher operating frequency and oscillation power. The limitations on 
fractional-frequency stability at 1 to 100 msec due to added thermal noise is 
totally negligible (<10~ 14 ) in this case. 

In principle, this oscillator design can be made with a much lower 
sensitivity to vibration than a quartz-crystal-controlled oscillator. The unit 
shown in Fig. 14-4 achieved a sensitivity of approximately 5 x 10~ 10 /g for 
vibration at 40 Hz. The use of a more rigid substrate material and chip- 
bonding techniques should improve performance considerably. Such an 
oscillator might prove to be significantly superior to quartz crystal oscillators 
for use in systems with very high vibration and shock. A hybrid solution 
might be to use an LC oscillator locked to a quartz-crystal-controlled 
oscillator in order to reduce some of the vibration-induced sidebands and still 
retain the better long-term stability of the quartz-crystal-controlled 
oscillator. 

14.3 MICROWAVE DEVICES 

In this section devices operating at frequencies of about 1 GHz are 
described. Microwave cavities can be used in all the traditional ways low- 
frequency resonators have been used to stabilize the frequency of an 
oscillator. [See, for example, Stein (1975) and Jimenez and Septier (1973).] 
Superconductive cavities have the distinction of having the best combination 
of practically achievable power, Q factor, and operating frequency of all 
known microwave devices. 

Recently, wide interest has developed in the use of dielectrically loaded 
microwave cavities to stabilize microwave oscillators and for various filtering 
applications. The term "dielectrically loaded" designates that a solid dielec- 
tric material is used instead of vacuum or air. Although the Q factor is not as 
high as in superconducting cavities, these devices handle higher power, 
operate over a very large temperature range, and are much cheaper. 

14.3.1 Superconducting Cavities 

In order to achieve the high Q values characteristic of superconductors, it is 
generally necessary to use cavity modes and assembly techniques that 
minimize surface imperfections and eliminate the need for rf current through 
the assembly joints. In the case of niobium, electron-beam welding techniques 
have been developed to a sufficient degree that the assembly joint can carry 
rf current without seriously degrading the Q factor. Figure 14-6 shows the 
measured Q values for X-band cavities fabricated from lead and niobium, 
the two most promising superconductors for microwave cavities. These two 
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10" 




TEMPERATURE (K) 

FIG. 14-6 Unloaded Q value of typical lead and niobium X-band cavities with a measure- 
ment bandwidth of 10" Hz, The dashed curves represent the theoretical behavior. [From Pierce 
(1974).j 



metals are available commercially in sufficient purity and the fabrication 
techniques are well known (Turneaure and Weissman, 1968: Pierce, 1974). 
The superconducting transition temperature for lead is 7.19 K, whereas that 
for niobium is 9.25 K. Other superconductors with higher transition tem- 
peratures are known: however, they are generally brittle and difficult to 
fabricate. Lead cavities, on the other hand, are particularly easy to fabricate 
by electroplating. At Stanford niobium cavities have been fabricated using 
electron-beam welding followed by firing at 1900°C and chemical polishing 
(Turneaure and Weissman, 1968). Another technique developed at Siemens 
(Diepers et al., 1971) uses chemical polishing followed by anodizing. The Q 
value produced by this latter technique may degrade in time, however (Pierce, 
1974). The rf magnetic fields achieved without serious Q-factor degradation 
are approximately 60% higher in niobium than in lead cavities. From Eq. 
(14-1) it is seen that this yields somewhat better noise performance and is the 
primary reason for the predominant concentration on niobium cavities in 
the early work. Experimental results, however, show that in every practical 
application the environmental sensitivities dominate the frequency stability. 
The white-frequency level from Eq. (14-1) for a loaded Q value of 5 x 10 9 , 
p b = l(T 6 W, T= 1 K, and v = 10 10 Hz corresponds to a y (x) =5 1(T 20 t 1/2 , 
while the additive noise only contributes <t v (t) = 4 x 10~ 20 t _i for a 300-K 
sustaining circuit. Figure 14-7 shows the frequency stability of 8.4-GHz 
niobium cavities, whose characteristics are given in Table 14-2 (Stein, 1975). 
The environment was carefully controlled and yet the vibration-acceleration 
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ID i 1 1 1 1 

10" 3 10" 2 10"' 10° to' IB 2 

SAMPLE TIME T(sec) 

FIG. 14-7 Fractional-frequency fluctuations of an X-band superconducting-cavity- 
stabilized voltage-controlled oscillator. [From Stein (1975).] 

sensitivity of approximately 10~ 9 /g limits the short-term stability. The long- 
term drift was of order 2 x lCT 13 /day. 

One approach having greater potential for better short-term stability is the 
all-cryogenic parametric oscillator stabilized by a superconducting-cavity 
transmission filter proposed by Stein (1975). This all-cryogenic-oscillator 
approach eliminates many of the long leads associated with earlier work. 
Frequency stabilities of order 1 x 10" 16 at 1 sec appear feasible with this 
scheme, which also uses the superconducting cavity as a transmission filter. 
Superconducting cavities can also be used as transmission filters for con- 
ventional oscillators. The filtering process greatly improves the spectral 
purity (i.e., the phase noise for Fourier frequencies outside the bandpass of 
the cavity) and improves the short-term frequency stability for times long 
compared to the inverse linewidth of the cavity. 

As indicated above, the primary disadvantages of superconducting cavities 
are their environmental sensitivities. In order to achieve a stability of 10" 16 in 
the present TM 010 X-band niobium cavities, the power must be fractionally 

TABLE 14-2 

Typical Characteristics of X-Band Niobium Superconducting Cavities 



Parameter Approximate value 



Q factor 


10 10 -10 u 




Operating power 


10-100 U.W 




Temperature coefficient 


Av/v £ 4 x 


10- 10 /K at 1.4 K 


Acceleration sensitivity 


Av/v S 10" 




Energy shift 


Av/v = 10~ 


"/10 7 J stored energy 
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stable to 10" \ the acceleration constant to 10" 7 g, and the temperature 
constant to 10 7 K at 1.3 K. Of these effects the vibration -acceleration 
sensitivity is presently the most serious limit on the short-term stability. 

A new approach that might yield a major reduction in the vibration 
sensitivity is to plate lead on the inside of a ceramic cavity. The mechanical 
strength of several ceramics exceeds that of niobium by an order of 
magnitude. The small loss in Q factor should have an insignificant effect on 
the noise performance. Also, new cavity designs that are inherently less 
sensitive to mechanical deformation need to be studied. One such approach is 
being pursued by Dick and Strayer (1983). In their design the cavity is a 
sapphire sphere coated on the outside. The gain element is a ruby maser at 
about 3 GHz. This approach sacrifices cavity Q due to the losses within the 
sapphire dielectric; however, it has the nice features of parametric pumping 
and compactness suggested by Stein (1975). 

14.3.2 Dielectrically Loaded Cavities 

The use of dielectrically loaded cavities dates from the work of Richtmeyer 
(1939), but the early dielectrics suffered from large temperature coefficients. 
Recent materials have dielectric constants from 30 to about 100, temperature 
coefficients of order 10 to - 10 x 10 -6 /°C, and loss tangents less than 10" 3 . 

TABLE 14-3 

Characteristics of Temperature-Compensated Dielectric-Resonator Materials at 7 GHz 



Material 



Parameter 


Ba 2 TiO„ 
Ba 2 Ti 6 O 20 


R-04C; series 
Ti0 2 -Zr0 2 -Sn0 2 - 
(ZrSn)Ti0 2 ; 
monoclinic 


R-09C; series 
(BaPb)Ti0 3 


Ba(NiTa)0 3 - 
Ba(ZrZnTa)0 3 


Loss tangenl 


0.5 x 10 3 


1.6 x 10 " 4 from 
-55 to 100°C 


10- 3 


6.8 x 10~ 5 


C?un[oadetl 


2000 (minimum) 


6300 (minimum) 


1000 


14500 


Relative 
dielectric 
constant 


37 ± 5"-„ 


36.8-38.9, 
selectable 


90 


30 


Temperature 
coefficient 
of frequency 
from - 50 to 
100°C 


-25ppm/°C 


0 possible 
selectable 
from —4 to 
12 ppm/°C 


0 possible 
selectable 
from - 10 to 
10ppm/°C 


0 possible 
selectable 
from 18 to 
- 10 ppm/°C 
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The availability of temperature coefficients from 10 to — 10 x 10 °/°C allows 
one to compensate the entire resonator-gain system to < 10 _6 /°C. The high 
dielectric constants greatly reduce the size of the resonator as compared to 
traditional vacuum dielectric cavities. 

Table 14-3, from the review article of Stiglitz (1981) and a paper by 
Wakimo et al. (1983), compares several of the most interesting dielectric 
families for application in frequency metrology. Clearly there is great 
opportunity to make extremely stable miniature microwave resonators and 
oscillators with high signal-to-noise ratios and hence frequency stability. As 
an example, Wakimo et al. (1983) describes a 5-g, 11-GHz oscillator having 
an uncompensated frequency stability of +1 MHz from —40 to 60°C. The 
size is 2.03 cm x 1 .26 cm x 0.88 cm. 
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The high resolution achievable with frequency metrology often makes it 
attractive to connect the measurement of physical parameters to a frequency 
measurement via a suitable transducer. Quartz crystal resonators are 
sensitive to mass loading and, via nonlinear effects, to temperature and stress. 
The sensitivities are generally low; however, the excellent short-term stability 
of precision quartz resonators makes high-resolution measurements of 
temperature, pressure, vibration, acceleration, film thickness, some gas-phase 
chemical reaction rates, and absorption feasible. 
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15.1 MICROBALANCES, THIN-FILM MEASUREMENT 
AND OTHER MASS-LOADING PHENOMENA ' 

The sensitivity of quartz resonators to added mass has been widely studied 
and used to measure the deposition rate, thickness, etc., of various materials 
Tins technique was first suggested by Sauerbrey (1959). Further analyses 
have been carried out by many researchers [see, e.g Warner and 
Stockbndge (1963), Mueller and White (1968), EerNisse (1975a), and Lu 

For changes in crystal-resonator mass loading of several percent or less 
the frequency change Av/v is linear, that is, 

Av/v = K Am/m, 

where K depends only on the crystal and deposition area. As the thickness of 
the coating grows, the elastic and inelastic properties of the coating and the 
inherent stress of the coating play increasingly important roles in determining 
the resonator frequency (EerNisse, 1975b; Lu, 1975). Ultimate resolution for 
coatings of aluminum and copper is typically about Am/m = 10" 12 . 



0.7 




0 0.1 0.2 0.3 0.4 0.5 
FRACTIONAL-FREQUENCY CHANGE Avlv 0 

FIG. 1 5-1 Comparison of measured and computed fractional-frequency changes for quartz 
resonators loaded by copper and aluminium. The symbol A denotes the experimentally 
measured pomts for copper, while A denotes the experimentally measured points for aluminum 
The theoretical curve for copper is shown as - - - -, that for aluminum is shown by - — and that 
lor quartz is shown by a solid line. [From Lewis and Lu (1975).] 
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Film coatings ranging from a few picograms per square centimeter to 
0.05 g/cm (Lu, 1975) can be measured with accuracies that are typically 
better than 3% (see Fig. 15-1). Since quartz resonators are also sensitive to 
stress and temperature, schemes must be used to minimize these spurious 
effects. Usually these effects are compensated by using several resonators with 
either different exposures or different sensitivities [see, e.g., Warner and 
Stockbridge (1963), Warner et al. (1965), Mueller and White (1968) Shiojiri et 
al. (1969), Mecea and Bucur (1974). EerNisse (1975a), and Van Ballegooijen et 
al. (1978)] as frequency-determining elements in two or more oscillators in 
order to distinguish between the various effects. 

A new possibility could be offered by doubly rotated crystals that exhibit 
in addition to the regular C mode, a second resonance. The B mode (see 
Chapter 2) is very temperature sensitive and can therefore be used as a 
1978 eratUre Pr ° be COmpenSatl ° n a dua| - rnode oscillator (Kusters et al, 

By using a cryogenically cooled pair of quartz resonators, Scialdone ( 1 974) 
measured the outgassing of condensable gasses from a spacecraft. The high 
sensitivity to mass changes achievable with quartz resonators makes it 
possible to monitor chemical reactions between an electrode material and a 
gas. The sensitivity to mass change typically exceeds 10' 3 monolayers. 
Benndorf et al. (1977) used such an arrangement to study the initial oxidation 
of aluminum. Warner et al. (1965) used this technique to study the effect of 
carbon dioxide on gold. Florio (1968) studied alkali-am imonkle films. Shiojiri 
et al. (1969) studied sulfuration and oxidation of metal films, and Bucur et al. 
(1972) studied palladium-deuterium systems. 

Mecea and Bucur (1974) showed that the amplitude of oscillation of a 
quartz crystal resonator decreases linearly with added mass and that many 
nonmetallic materials have a relatively larger effect than the same mass of 
copper. Water, for example, decreases the amplitude some 200 times faster 
than copper, while mineral oil decreases it about 60 times faster than copper. 
This inelastic effect is due to the added damping of the oscillation, which is 
due to dissipation within the coating. This technique could possibly be used 
to detect phase changes in coatings by simultaneously measuring changes in 
the amplitude and frequency of oscillation. 

Quartz crystals can also be used as detectors by coating one electrode 
with a material that can absorb one specific gas (King, 1971). For instance, 
ambient-air hydrocarbons or auto-exhaust hydrocarbons can be analyzed in 
this manner. Generally, polymers are used as coating material. There is a 
potential for application in the field of meteorological monitors by employing 
simultaneously several sensors for humidity, temperature, and pressure 
measurements (Kertzman, 1971). 
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15.2 MEASUREMENTS OF FORCE, PRESSURE, AND 
ACCELERATION 

When the propagation medium of an elastic wave is submitted to static or 
low-frequency mechanical perturbations, the quasistatic stresses and strains 
that are induced in the crystal are coupled to the high-frequency wave by the 
elastic nonlinearities of the crystal, thereby causing wave-velocity and 
frequency shifts. 

15.2.1 Force 

Force sensitivity was studied in the case of diametric or bending forces 
applied at the periphery of circular plates (Ballato, 1960; Gerber and Miles, 
1961 a,b: Keyes and Blair. 1967; Ratajski, 1966, 1968). These first measure- 
ments, made with AT-cut resonators, were then complemented by theoretical 
analyses and extended to doubly rotated cut resonators (EerNisse et ai, 1978; 
Lee el ai, 1976; Janiaud et ai, 1978). As an example, Fig. 15-2 shows the 
frequency change per diametrically applied force for an AT-cut plate as a 
function of the azimuth angle (Gerber and Miles, 1961a). 

The temperature dependence of the force-sensitivity effect was also in- 
vestigated (Dauwalter, 1972; EerNisse et ai, 1978, 1979), and in some 
particular cases attempts were made to use the force-sensitivity effect for 
temperature compensation (Gerber and Miles, 1961a,b). 

This force sensitivity is typically on the order of 1.4 x 10" 5 /N for AT-cut 
crystals under diametric forces along the x-axis. The force sensitivity depends 
on the directions of application of the forces. Particular azimuthal angles can 
be found either with zero or maximum force sensitivities. Quartz force 
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FIG. 1 5-2 Frequency change Av v per applied force F as a function of the azimuth i/j for an 
AT-cut plate. [From Gerber and Miles (I96la).] 
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sensors were studied in this last case (Hammond and Benjaminson 1969- 
Karrer and Ward, 1977). 

Surface-acoustic-wave (SAW) devices also are sensitive to forces. 
Sensitivity to compressional and bending forces on rectangular plates and to 
diametric forces on circular plates were also investigated (Hauden et ai 1 980- 
Dias and Karrer, 1974). The largest sensitivity was obtained with bending 
forces (typically 1200 Hz/N for ST-cut quartz at 100 MHz). Such sensitivity 
opens the possibility of measuring pressures and accelerations through the 
force-frequency effect. 

15.2.2 Pressure 

Warner et ai (1965) and Stockbndge (1966) examined the sensitivity of 
quartz resonators to the hydrostatic pressure of inert gasses and found a 
sensit.vity of about 1 x 10~ 7 /Pa for a 5th-overtone AT-cut resonator. This 
phenomenon of viscous damping on bulk-acoustic-wave (BAW) devices can 
be exploited to yield a pressure sensor. An example of this approach is 
illustrated by the work of Genis and Newell (1977). They used a bellows 
arrangement to isolate an X -y-flexure watch crystal from humidity and 
contamination effects. The transfer gas was dry nitrogen. They achieved tin 
accuracy of about 700 Pa over the range from 0 to 1.4 x 10 5 Pa. 

A much different approach is that described by Hammond and 
Benjaminson (1969) and Karrer and Ward (1977), where the pressure is 
transformed to diametric forces applied on the periphery of a BT-cut 
resonator. They reported a sensitivity of about 70 Pa, an accuracy of order 
±5000 Pa + 0.025%, and an operating range of 100 to 8 x 10 7 Pa. A very 
special feature of their resonator was an integral resonator-mounting 
structure machined out of a single piece of quartz. This gave a total pressure 
range extending over six orders of magnitude. 

SAW devices can also be exploited as pressure-force sensors. Their 
sensitivity to hydrostatic pressure is relatively small. An ST-cut SAW device 
at 100 MHz yields sensitivities of order 3 x 10~ 3 Hz/Pa (Hauden et ai 
1980). By utilizing a small circular diaphragm, a differential pressure device 
has been built with a sensitivity of 0.4 Hz/Pa. This differential device also has 
excellent thermal properties, with offsets of order +400 Pa for temperatures 
from - 40 to 80°C (Reeder and Cullen, 1976). 

15.2.3 Acceleration 

When a crystal is in an acceleration field, the body forces and the induced 
reaction forces (at the fixation points) also give a static or quasistatic 
deformation and, again through nonlinear coupling, the wave velocity is 
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FIG. 1 5-3 (a) Frequency variation of a quartz resonator for several different directions of 
applied acceleration, shown schematically in (b). [From Valdois el al. (1974).] 

changed. The result is a variation of the resonance frequency related to the 
applied acceleration field direction, as shown in Fig. 15-3 [Valdois et al. 
(1974): see also Ballato and Bechmann (I960)]. This effect, a major source of 
environmental disturbance in precision oscillators, can be used to produce an 
acceleration transducer. However, since the acceleration sensitivity varies 
widely (even polarity) depending on the direction of applied force, a single 
resonator provides little information on acceleration. By a careful choice of 
mounting several resonators, one can fabricate a sensor with calibrated 
sensitivity to only a single directional component of acceleration (vibration). 
The work of Onoe et al. (1977) describes one such approach. Two near- 
identical retangular plates are separated by a small distance and clamped 
along the same edge. Both are made to oscillate at their respective thickness- 
shear resonance. The beat frequency between the two oscillators, derived by 
mixing the two oscillator outputs, is proportional to the acceleration 
component perpendicular to the plane of the crystal plates. Other force 
components that normally produce a signal in single-resonator accelero- 
meters cancel out to a high degree. They achieved a sensitivity of 500 Hz/g for 
the range from 0 to 100. Deviations from linearity were typically less than 
0.2% of the full range, or 0.2 g. 

SAW resonators exhibit a sensitivity to forces of order 1 kHz/N at 
100 MHz, which can be used to fabricate an acceleration sensor by trans- 
forming the acceleration into a force using an auxiliary mass. Due to their 
relatively recent introduction and a preoccupation with using them for 
complex data processing, their application to acceleration measurement is 
not well developed yet. 

An interesting aspect is the sensitivity of propagating acoustic waves to 
Coriolis acceleration: when a point mass moves with a velocity relative to a 
rotating frame, it experiences a Coriolis force. Thus, the velocity of a wave 
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therefore varies with the angular velocity of the substrate. This effect could be 
used for measuring rotation rates: however, it occurs only for propagating 
waves and not for standing waves. This necessitates the use of delay lines 
rather than resonators to control the frequency of the oscillator. 

Theoretical evaluations of sensitivity to Coriolis forces have been made for 
surface acoustic waves and bulk flexure waves (Lao, 1980: Tiersten et al., 
1980). An interesting effect is the fact that reversing the propagation direction 
of the wave reverses the sign of the velocity or frequency shift. It is therefore 
possible to operate with a differential configuration that improves sensitivity 
and reduces some spurious effects. 



15.3 TEMPERATURE MEASUREMENTS 

The present accuracy limit of temperature measurements near 300 K is on 
the order of 50- 100 uK and is obtained using platinum resistance thermo- 
meters (Riddle et al., 1973). Thermistors used as thermal sensors yield a 
resolution of approximately 10 uK and a temperature stability of order 
1 mK/IOOdays (Dror and Cannel, 1974: Wood et al., 1978). Quartz crystal 
thermometers presently have a temperature resolution of order 2 uK and 
inherently yield a digital output ; however, they are plagued by hysteresis 
effects due to thermal shock and cycling. Several new experimental quartz 
crystal resonators show promise of achieving temperature resolutions of less 
than 1 uK with daily variations of less than 10 uK and greatly reduced 
thermal-shock-cycling-induced hysteresis. 

The potential for using a quartz crystal resonator to obtain a high- 
resolution digital thermometer has long been recognized (Gorini and Sortori, 
1962; Hammond et al., 1965; Hammond and Benjaminson, 1969: Holland, 
1974). Indeed, Smith and Spencer (1963) used a high-quality quartz resonator 
as the frequency-determining element of an oscillator and obtained a 
temperature resolution of approximately 5 uK for a 10-sec measurement time 
and a drift of less than lOOuK/hr, as illustrated in Fig. 15-4. The frequency 
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FIG. 15-4 Temperature variation of a double oven versus time measured using a 5 ' Y-cut 
quartz resonator. [From Smith and Spencer (196.T).] 
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FIG. 1 5-5 Temperature stability of BVA SC-cul resonators contained in various ovens that 
were digitally controlled with an LC-cul quartz temperature probe. The dashed line shows the 
measurement limit due to noise. [From Marianneau and Gagnepain ( 1 980).] 



dependence was approximately 74.6ppm/°C from -20 to 100°C. Presently 
available quartz thermometers are linear to within a few millikelvin from 0 to 
200°C, have a time constant of order 10 sec, a resolution of order 2 uK, and a 
drift of only a few millikelvin per month (Hammond et al, 1965). LC-cut 
quartz probes were used by Marianneau and Gagnepain (1980) for control- 
ling the temperature of very stable ovens, as shown in Fig. 15-5. Tempera- 
ture can also be measured by using the B mode of SC-cut crystals (Kusters 
et al, 1978). Accurate temperature control and thermal filtering enable one 
to lower the residual temperature fluctuation of a vacuum-enclosed quartz 
crystal down to 0.1 uK over a few seconds. 

However, LC-cut resonators suffer from thermal stress effects that result in 
spurious temperature readings on the order of 10 mK following thermal 
cycling (Fig. 15-6). The apparent temperature typically drifts approximately 
10 mK over several days immediately following a temperature shock of many 
degrees. Because of these hysteresis effects, quartz crystal resonators have not 
generally been used in precision thermometry where temperature cycling is 
required. 

Stress-induced frequency transients have received considerable attention in 
the past 5 years because they are responsible for much of the frequency 
instability of high-precision quartz crystal resonators used in frequency 
control (Holland, 1974; Ballato and Vig, 1978: Stein et al, 1978; Theobald et 
al, 1979). It appears likely that they are responsible for the thermal hysteresis 
as well as the noise in quartz sensors. In the past several years great strides 
have been made in designing crystallography cuts that are less sensitive to 
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FIG. 15-6 Temperature error ofan LC-cut quarta-thermomeler as a function of time after a 
temperature transient. [From Hammond el al. ( 1 965).] 

stress and in new mounting techniques that help to minimize temperature- 
induced (i.e., stress-induced) transients (EerNisse, 1975b, 1976; Besson, 1976, 
1977; Kusters et al., 1977). 

For example, a fifth-overtone, 5-MHz quartz resonator has a parabolic 
static temperature sensitivity of approximately Av/v = 10~ 9 /K\ yielding a 
linearized sensitivity of Av/v = 2 x 10" 8 /K, 1 K away from turnover. Since 
the frequency stability of such precision units is Av/v = 10" 13 , one would 
expect to achieve temperature resolution of 5uK: however, the thermal- 
transient-induced response is Av/v = 10" 5 dT/dt, requiring that dTjdt be less 
than 0.01 uK/sec in order to achieve 1-uK temperature resolution and 
stability. Most ovens and test systems do not have the low-temperature 
transients required to use AT-cut resonators for temperature sensors. 

The new SC-cut resonators (Besson, 1977; Kusters et al., 1977; Theobald et 
al., 1979) have a measured transient response that is 50-100 times smaller 
than that for AT-cut resonators. Therefore, dT/dt of only 0.5-1 uK/sec is 
required in order to resolve 1 uK. SC-cut resonators are therefore excellent 
candidates for thermal sensors. These new SC-cut resonators have another 
very interesting feature, namely, they can be made to oscillate on both the B 
and C modes simultaneously (Kusters et al, 1978). The C mode can be made 
with Av/v = 10" 9 /K 2 + 10" 7 dT/dt, while the B mode has a linear response 
of Av/v = 2.5 x 10" 5 /K. It may be possible to use the C mode as the 
frequency reference for the microprocessor-based counter measuring the 
frequency of the B mode. With such a system temperature resolutions of 
approximately 0.1 uK are contemplated. Using only the B mode temperature 
stabilities of 1 uK over hours and lOuK/day appear likely. The application 
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of the so-called BVA, technology developed by Besson (1977) to the LC 
cut (Hammond el «/., 1965) or the Y cut (Smith and Spencer, 1963) may 
yield a thermal sensor with resolution of order 0.1 uK, linearity of order 
10 mK 100 K, and a daily stability of order < 10 uK. 

SAW devices are also sensitive to temperature. Hauden el al (1980) 
examined several cuts and found that a cut that is near 0 = 11°24\ 
0 = 59°24'. and \\i = 35° has a nearly linear frequency versus temperature 
curve. The first-order coefficient is -31 ppm/°C or 3.2 x 10~ 4o C/Hz at 
93 MHz. The second-order coefficient was 2 x 10 3 ppm/°C 2 . Given a 
typical SAW oscillator stability of 10" 9 to a few parts in 10" 10 would indicate 
possible resolutions on the order of 10 to 30 uK. Data on hysteresis effects 
appear to be nonexistent, but an interesting feature of such a SAW 
temperature probe is its short response time, which is typically 0.3 sec or less. 
This is 30 times shorter than for typical LC-cut sensors. 
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16.1 SPECIFICATIONS 

Specifications are the means by which manufacturers and users com- 
municate regarding the properties of devices. A specification is a specific 
document applicable to a particular type of device, providing numeric values 
for all properties that affect its performance in a particular application. If the 
specification is complete, any unit that meets the specified requirements, 
regardless of manufacturer, can be substituted for any other like unit, with no 
adverse effect on the using equipment. Every numeric value for a property 
will have a tolerance associated with it that is no tighter than required for the 
intended application, and only the properties needed for that application are 
specified. In general, the values and tolerances in a specification should be the 
end result of intense consultation between the device manufacturers and the 
user. Most specifications also require that only materials of a certain type and 
quality be used in the manufacture of the item. 

An important aspect of the specification is a complete description of the 
methods by which the various specified attributes are to be measured and the 
conditions under which the tests are to be performed. These descriptions 
must be sufficiently complete to assure agreement between the results of tests 
performed independently in the manufacturer's and user's plants. Disputes 
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that arise, at times, especially about values near the limits of the specified 
tolerances, emphasize the need for clarity. A test should be devised for each 
attribute specified, and attributes that cannot be tested for objectively should 
not be included in the specification. 

Generally, there are at least two types of attributes. One group includes 
those that depend primarily on the basic designs of the unit, the materials 
used, and the overall manufacturing process. Here, changes from unit to unit 
are rare: when failures occur, they often affect large quantities of units. In the 
second group are attributes that depend primarily on the detailed manufac- 
turing operations performed on the individual units, with unit-to-unit varia- 
tions a common occurrence. Further, not all attributes have equal weight. 
Failure of a unit to meet the requirement in regard to a particular attribute 
may be of critical, major, or minor importance for the performance of the 
device in its intended application, and inspections of some attributes can only 
be performed by destructive testing. Clearly, therefore, economy and common 
sense dictate that every product cannot, and need not, be inspected for every 
attribute specified. A suitable grouping of attributes and a sampling plan for 
each group are needed and must be included in the specification together 
with alternate sampling plans for reduced or tightened inspection, the latter 
to be based on (specified) experience factors. 

A specification must also address the procedure by which a customer- 
vendor relationship is first established between a manufacturer and user, how 
it is to be maintained for continuous as well as for intermittent production, 
and what remedies are to be applied in the event that the product does not 
conform to the requirements of the specification. Establishing the customer- 
vendor relationship usually involves complete testing of an appropriate 
number of units that were produced using the equipment and procedures to 
be used in the subsequent manufacture of the items- at times these units are 
called "tool-made samples." Beyond that, it may involve establishing various 
kinds of controls on the production line which, in some cases, are to be 
maintained during the entire production period. Remedial actions generally 
range from retesting of failed lots, usually under tightened sampling pro- 
cedures, to complete severance of the customer-vendor relationship, with the 
vendor incurring certain specified liabilities for any defective products 
delivered . 

This latter aspect of the specification provides the means by which 
conformance to its technical content can be enforced and is of critical 
importance for the quality of the product. A defective product is costly- in 
the simplest case extensive retesting is required, but if the defects are 
systematic, it can mean a shutting down of the production line at the vendor 
and, for lack of product, at the customer's plant also. Hence, formulation of 
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the relevant sections of the specification involves policy-level decisions that 
are guided by the quality assurance philosophies of the participating parties 
and tempered by the nature of the consequential damages resulting from the 
use of defective devices. 

Stand-alone specifications, that is, specifications that include, in them- 
selves, all of the above factors, are rarely used. In most industries a great deal 
of the contents of a complete specification for one particular product applies 
equally to many other products, with one specification differing from another 
by only a few numeric values. To assure uniformity to the greatest extent 
possible, therefore, the common aspects are committed to a separate 
document, the applicable sections of which can then be referred to in the 
specifications for the individual product. These now vastly less voluminous 
detailed specifications contain the specific numeric values for the attributes of 
the particular products. The common document is the basic or general 
specification; it, in turn, may refer back to standards that are still broader 
documents. 

It is important to recognize that a detailed specification, which may consist 
of no more than a single table of values and an outline drawing, is only a 
small part of the full specification of the product; for a partial specification to 
be complete, it must reference explicitly the basic specification to which it 
applies. Where no such basic specification exists or existing documents are, 
for valid reasons, not acceptable, they must be developed for the protection of 
both customer and vendor. Any implicit assumptions on the part of either are 
an open invitation for serious problems to develop, sooner or later. 



16.2 STANDARDS 

In the present context, standards are authoritative documents that 
promote mutual understanding and uniformity of practices for the benefit 
of researchers, developers, manufacturers, and users of frequency control 
devices. The term is used loosely and includes guides to the use of frequency 
control devices, precise definitions of terms, preferred dimensions and values, 
environmental test conditions and methods, quality assurance procedures, 
etc. Even though the use of standards documents, with notable exceptions, is 
voluntary, the basic reason for the existence of many is for them to be cited in 
the various product specifications. Once incorporated, their use is, de facto, 
mandatory whenever that specification is used. 

In general, standards are self-contained documents that are sufficiently 
complete to provide definitive answers to relevant questions. Unlike specifi- 
cations they do not, as a rule, refer to other documents as integral parts. 
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16.3 PRACTICES IN THE UNITED STATES 

Formulation of standard documents relevant to frequency control devices 
in the United States is carried out by the Institute of Electrical and 
Electronics Engineers (IEEE), the Electronic Industries Association (EIA), 
and the Department of Defence (DOD). A listing of widely available 
standards currently in effect is shown in Table 16-1. Updated lists are 
provided yearly on the back pages of the Proceedings of the Annual 
Frequency Control Symposium. In addition, of course, proprietary docu- 
ments are generated by many users for their own purposes. These are not 
considered in the following discussions. As indicated in Table 16-1, one of 
the current IEEE standards has been adopted by the American National 
Standards Institute (ANSI), a federation of national associations 'dealing 
with standardization. ANSI coordinates but does not, in itself, formulate 
standards. 

The most recent IEEE standard, 176-1978, addresses basic properties of 
piezoelectric crystals. It deals with the determination of material constants, 
sign conventions for crystallographic axes, and theoretical concepts and 
mathematical relationships applicable to vibrations of piezoelectric bars and 
plates. The measurement method detailed in IEEE Standard 177-1966 is the 
precursor for the method later adopted, in modified form, by the I EC for 
Standard IEC-444. IEEE Standard 177-1966 will be revised in the future to 
embrace the latest gains in measurement practice. 

The EIA publications listed in Table 16-1 deal with selected topics that 
are of interest to the manufacturers of crystal units. Standard RS-186-E is a 
broad-based document applicable to electronic components for commercial 
use. 

The most comprehensive and self-consistent set of documents dealing with 
standardization of frequency control devices is contained in the Military 
Specification (MIL-SPEC) System. Its use is mandatory in all DOD-related 
procurements. Development of the basic system, which covers all electronic 
components, was completed in the decade following World War II; it is a 
dynamic system that is being kept up-to-date by periodic revisions and 
additions as needed. The standards and specifications issued are fully 
coordinated with the industries affected and thus represent a government- 
industry consensus to the greatest extent possible. The system will be 
explained with the documents applicable to quartz crystal units as an 
example. 

Equipment designers in need of a quartz crystal unit are required to use 
M1L-STD 683, the military standard on "Quartz Crystal Units and Crystal 
Holders," to determine the standard crystal unit most appropriate for the 
intended application. MIL-STD-683 provides a listing of the standard crystal 
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TABLE 16-1 

Specifications and Standards Relevant to Frequency Control 

Institute of Electrical and Electronics Engineers 
Order through: IEEE Service Center, 445 Hoes Lane. Piscataway. NJ 08854, (20I I-98I-0060 

176- 1978 Piezoelectricity 

177- 1966 Piezoelectric Vibrators, Definitions and Methods of Measurements for (ANSI 

C83. 17-1970) 

180-1962 Ferroelectric Crystal Terms. Definitions of 
319-1971 Piezomagnetic Nomenclature 
Electronic Industries Association 

Order through: Electronic Industries Assn., 2001 Eye Street. N.W.. Washington. D.C. 20006. 
(202)-457-4900 

(a) Holders and Sockets 

RS-192-A, Holder Outlines and Pin Connections for Quartz Crystal Units (standard 
dimensions for older types) 

RS-367, Dimensional and Electrical Characteristics Defining Receiver Type Sockets 
(including crystal sockets) 

RS-417, Crystal Outlines (standard dimensions and pin connections for current quartz 
crystal units — 1974) 

(b) Production Tests 

RS-186-E (all sections). Standard Test Methods for Electronic Component Paris 

(c) Application Information 

Components Bulletin No. 6, Guide for the Use of Quartz Crystals for Frequency Control 

(d) RS-477, Cultured Quartz (April, 1981) 

International Elect rot echnical Commission 
Order through: American National Standards Inst., 1430 Broadway, New York. NY 10018 
ANSI can quote prices on specific IEC publications on a day-to-day basis only. All IEC and 
ISO standards have been removed from its Standards Catalog. Call ANSI. NYC (212)-354- 
3300 for prices 

IEC Publication 122-1 (1976) Quartz Crystal Units for Frequency Crystal and Selection. Part 
1 : Standard Values and Test Conditions (Second Edition) 

IEC Publication 68 Basic Environmental Testing Procedures (in 48 parts) 

IEC Publication 122-2 (1962) Section 3: Guide to the Use of Quartz Oscillator Crystals, 
including Amendment 1 (1969) 

IEC Publication 1 22-3 (1977) Part 3 : Standard Outlines and Pin Connections (second edition) 
IEC Publication 283 (1968) Methods for the Measurement of Frequency and Equivalent 
Resistance of Unwanted Resonances of Filter Crystal Units 

IEC Publication 302 (1969) Standard Definitions and Methods of Measurement for 
Piezoelectric Vibrators Operating Over the Frequency Range up to 30 MHz 

IEC Publication 314 (1970) Temperature Control Devices for Quartz Crystal Units, including 
Supplement 314A Contents: General Characteristics & Standards: Test Conditions: Pin 
Connections 



{Continued overleaf) 
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Table 16-1 {Continual) 



I EC Publication 314A (1971) First Supplement to Publication 314 (1970) Contents: Guide to 
the Use of Temperature Control Devices for Quartz Crystal Units 

IEC Publication 368 (1971) Piezoelectric Filters including Amendment 1, Amendment 2, and 
Supplement 368A and 368B Contents: General Information & Standards Values; Test 
Conditions 

IEC Publication 368A (1973) First Supplement to Publication 368 (1971) Contents: Guide to 
the Use of Piezoelectric Filters 

IEC Publication 368B (1975) Second Supplement to Publication 368 (1971) Contents: 
Piezoelectric Ceramic Filters 

IEC Publication 444 (1973) Basic Method for the Measurement of Resonance Frequency and 
Equivalent Series Resistance Quartz Crystal Units by Zero Phase Technique in a 
n-Network 

IEC Publication 483 (1976) Guide to Dynamic Measurements of Piezoelectric Ceramics with 
High Electromechanical Coupling 

Department of Defense 

Order through: Naval Publication & Form Center. 5801 Tabor Avenue. Philadelphia, PA 
19120 

MIL-C-3098 Crystal Unit, Quartz, General Specification for 
MIL-H-10056 Holders (Enclosures), Crystal. General Specifications for 
MIL-STD-683 Crystal Units, Quartz/and Holders, Crystal 
M1L-F-28734 Frequency Standards, Cesium Beam, General Specification for 
M11.-O-55310 Oscillators, Crystal. General Specification for 

MIL-F- 18327 Fillers. High Pass. Low Pass, Band Pass Suppression and Dual Functioning, 
General Specification for 

MIL-O-39021 Oven, Crystal, General Specification for 

M I L-O-55240 Oscillators, Audio Frequency 

MIL-F-2881 1 Frequency Standard, Cesium Beam Tube 

MIL-STD-202 Test Methods for Electronic and Electrical Component Parts 



units, the so-called CR (Crystal .Resonator) types, in the order of the most 
essential parameters of interest to the equipment designer, such as frequency 
range, type of operation, temperature range, etc., and it shows drawings of the 
standard crystal holders, with maximum dimensions. A more complete 
detailed specification for each CR type is contained in the so-called "slash 
sheets" to MIL-C-3098, to be discussed below; the slash-sheet numbers for 
the various CR types are listed in MIL-STD-683. If one of the standard 
crystal units meets the requirements of the equipment, that crystal unit 
can be ordered, in single-unit or production quantities, from one of the 
so-called "qualified sources," following normal procurement procedures, 
with the purchase order listing no more than the CR number and the 
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nominal frequency. If, for good and valid reasons, none of the standard 
crystal units meet the equipment needs, the designer will prepare his own 
detailed specification and submit it for approval per the instructions in 
MIL-STD-683. Even when approved that crystal unit remains nonstandard 
unless, and until, it is converted into a CR type by the responsible military 
authorities. In most cases the nonstandard detailed specification will call out 
the closest standard (CR-type) crystal unit and list the required exceptions; in 
all cases it will specify that the requirements of the general specification 
MIL-C-3098 be met. Thus, the provisions of MIL-C-3098 apply in all cases. 

MIL-C-3098, the general specification for quartz crystal units, defines the 
terms used and the attributes of the crystal units to be evaluated with respect 
to the numeric values given in the detailed specifications (slash sheets); it 
specifies the conditions under which these evaluations are to be performed 
and the measurement methods to be used. When these are common to most 
electronic components, such as many of the environmental test conditions, 
the details are defined by reference to the applicable MIL-STD documents, 
for example, MIL-STD-202, the standard for "Test Methods for Electronic 
and Electrical Component Parts." As a matter of policy, the specification 
relies on the performance of the product. Details of manufacture are not 
prescribed, as a rule. Thus, specific manufacturing practices are addressed 
only in cases where they are known to affeel product performance, but the 
effects are difficult to evaluate adequately by reasonable testing procedures or 
within a reasonable testing period. 

MIL-C-3098 also details the procedure to be followed by manufacturers to 
obtain qualifications as a supplier for any one, or all, of the various categories 
of standard crystal types. At the time of this writing, qualification require- 
ments are waived for nonstandard crystal units, that is, crystal units covered 
by detailed specifications that are not slash sheets to MIL-C-3098. 
Procurements for such crystal units occur most frequently in cases where the 
crystal manufacturer is a subcontractor to an original equipment manufac- 
turer (OEM) under contract with the government. That contract places the 
full burden for the quality of the materials used, including the crystal units, on 
the OEM. The OEM is constrained to obtain "first article" (tool-made 
sample) tests on the products of his subcontractors. These are the same tests 
as required for qualification. But, unless specifically requested by the crystal 
manufacturer, they are not counted toward qualification per the requirement 
of MIL-C-3098. The contract also assures government inspectors access to 
the OEM plant, including the relevant documentation. It does not, under 
normal conditions, assure government access to the subcontractor's plant, 
based on its relationship with the OEM. When problems develop with the 
subcontractor's product, however, the government inspector serving the 
OEM can request his counterparts in the subcontractor's area to conduct a 
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selective examination of the subcontractor's operations to determine if the 
requirements of MIL-C-3098 are met and to perform such tests as are 
considered necessary. If deficiencies are noted, the remedies prescribed by 
MIL-C-3098 are to be invoked. The selective examination does not con- 
stitute "government source inspection" and does not transfer responsibility 
for product quality from the OEM to the government. 

Similar practices apply to the DOD standards specifications for other 
frequency control devices and also for other electronic components and 
subsystems. (Special, much more rigorous practices are used for missile and 
space applications.) The DOD standards are effectively serving the function 
of national standards in the frequency control area in the United States and 
are, in fact, used extensively throughout the Western World. 

16.4 INTERNATIONAL STANDARDIZATION 

Voluntary international standards in the commercial arena are pro- 
mulgated by the International Electrotechnical Commission (1EC), a 
worldwide organization whose work is conducted by various Technical 
Committees, each dealing with a particular speciality. The Technical 
Committee No. 49 (TC-49) of the IEC is responsible for "Piezoelectric 
Devices for Frequency Control and Selection." The standards documents 
prepared by TC-49 and currently in effect are listed in Table 16-1. IEC 
Publication No. 122 provides definitions of terms, standard values for 
temperature ranges, load capacitors, and drive levels, conditions of measure- 
ment, standard holder outlines, etc. IEC Publication No. 444 describes a 
specific method for the measurement of frequencies and equivalent electrical 
parameters of crystal units, along with a specific measuring device, the IEEE 
7i-network used in the zero-phase mode. 

IEC Publication No. 68 defines standard conditions for environmental 
testing of electronic components. Documents dealing with quartz crystal 
oscillators, filters, synthetic quartz properties, and other relevant topics are in 
various stages of preparation. An IEC Quality Assurance (Assessment) 
System is under consideration. 
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INTRODUCTION 

The editors have assembled a reasonably complete bibliography covering 
the years 1968-1982. More than 5000 references were found for this period. 
The pre- 1968 period is covered by the inclusion of reviews and a selection of 
references to seminal articles. Science Abstracts A (Physics) and B (Electrical 
and Electronics) and Chemical Abstracts were particularly helpful in leading 
us to the pertinent literature. The organization of the main part of the 
bibliography follows that of the rest of the book, that is. the references are 



PRECISION FREQUENC Y CONTROL 
Oscillators and Standards 



Copyright c 1983 by Academic Press, Inc. 
rtn r ignis 01 reprooncuon in any torm reserved. 

ISBN 0-12-280602-6 



306 



GENERAL BIBLIOGRAPHY 



arranged in alphabetical order under each chapter heading. Thus, it will be 
easy for the reader to find the references quoted in the text. In the case of 
Chapters 2. 5, and 8, however, the arrangement is made according to sections, 
due to different authorships. 

The references for the various chapters include papers on applications of 
specific devices, such as application of crystal units and filters. References 
descri bing more than one topic are listed under the chapter where that subject 
is predominant. Multi-subject papers without emphasis on a specific topic, 
items of a more general nature, survey papers, books, and chapters of books 
are listed separately in the general bibliography section. 

Obviously, some overlap of topics is unavoidable. It is, therefore, recom- 
mended that the reader review related subjects in search for a paper of a 
specific nature. For instance, looking for a paper on the properties of a crystal 
unit, it would be well to search the bibliographies for Chapters 2 and 4. 

In the area of quantum electronic devices and standards, we have included 
only references on gaseous masers. On the other hand, a large number of 
references may be found in the area of laser frequency standards. It is thought 
that in this rapidly developing field, valuable information is to be found in 
papers on gas lasers even though not directly concerned with frequency 
standards. 

Papers on tuning forks, particularly for wristwatches, are considered to be a 
special case and are listed under Chapter 14; papers regarding their 
applications are listed under Chapter 15. 

Where an article or book exists in English translation, normally only the 
English version is cited. This is particularly germane to the Russian literature, 
but since this book is primarily intended for the English-literate reader and 
since the original citation will appear in the translated journal, no essential 
information is omitted. 

Certain documents, particularly U. S. government reports, are cited as 
obtainable from NTIS; these are usually catalogued according to a six digit 
number prefixed by the letters AD or ADA. The address is National Technical 
Information Service, U. S. Department of Commerce, 5285 Port Royal Road, 
Springfield, Virginia 22161, U.S.A. 

References cited as Proc. Annu. Freq. Control Symp. refer to proceedings of 
the Annual Frequency Control Symposia, sponsored by the U. S. Army 
Electronics Research and Development Command, Fort Monmouth, New 
Jersey 07703, U.S.A. Proceedings from the 10th (1956) through the 31st (1977) 
may be obtained from NTIS. The 32nd through 35th are available through 
Electronic Industries Association, 2001 Eye Street, N.W., Washington, D.C. 
20006, U.S.A. The 36th through 38th may be obtained from Systematics 
General Corporation, 2711 Jefferson Davis Highway, Arlington, Virginia 
22202, U.S.A. 
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Bandwidth 

hardware. 2: 205 

software, 2: 205 

transition. 1: 269 
Bar. thin, narrow, 1: 78, 80 
Barium oxide, 2: 148 
Baseband, I: 258 
Baseline interferometry. 2: 263 
BAW oscillator, 2: 47 
Beam optics, 2: 139 
Beam trajectories. 2: 1 39 
Berlinite (AIP0 4 ), 1: 219 
Bidirectional loss. 1: 243 
Bimorph, 1: 83, 87 
Bismuth germanium oxide, 1:19 
Boundary condition, 1: 52. 67, 79, 86. 9.3. 
104 

Bragg diffraction, 1: 165 
Breit-Rabi equation, 2: 116 
Bridge attenuation, 2: 29 
Bridge unbalance, 2: 29 
Broadening 

homogeneous, 2: 182 

inhomogeneous. 2: 182 
BT cut. 1: 182 
Buffer gas, 2: 151 

Bulk-wave model, 1: 232, 241, 245, 257 

advanced, 1: 249 
Bulk-acoustic-wave oscillator. See BAW 

oscillator 
BVA, technology, 2: 296 
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c 

C mode, 2: 295 
Cadmium sulfide. 1: 213 
Capacitance 

clamped, high-frequency. 1: 80 

free, low-frequency, 1: 80 

interdigital transducer, 1: 236 

motional, 1: 106 

ratio, 1: 71 

shunt. 1: 106 
Capacitive weighting. 1: 263 
Carrier frequency, 1: 232. 259 
Cavity 

design, 1: 132 

dielectrically loaded. 2: 281, 284 

Fabry-Perot, 1: 122, 129 

lead and niobium, 2: 281 

lead-ceramic. 2: 284 

niobium, frequency stability. 2: 282 

phase shift. 2: 147, 149 

pulling. 2: 141, 161 

sapphire sphere. 2: 284 

spacing. 1: 126 

stabilization, 2: 162 

superconducting, environmental sensitivity. 
2: 28.3 

superconductive, 2: 281 
Center frequency 

grating-reflection band, 1: 133 

stopband, 1: 128 
Centrosymmetric crystal. 1: 3 
Ceramic fillers, 1: 187 
Cesium frequency standard, 2: 186 
Cesium maser, 2: 166 
Cesium resonator, 2: 236 
Cesium standards, accuracy, 2: 236 
Cesium-beam standard, 2: 143 
C field, 2: 117 

Characteristic frequencies, 2: 11 
Characteristic parameters, 2: II 
Charge compensator, 1: 148 
Chebyshev polynomials, 1: 254 
Chemical etching, 1: 213 
Chemical polishing, 1: 32 
Chi-squared distribution, 2: 211 
Christoffel, 1: 58, 65, 74 
CI meter. See Crystal impedance meter 
Circuit. See Network 
Cissoidal impedance plot, 2: 10 



Cleaning technology. 1: 170 
Clear-access signal. 2: 261 
Clock flyover mode, 2: 261 
Clock transition, 2: 1 17 
Clocks, portable. 2: 251 
Coaxial techniques. 2: 253 
Coefficient, temperature. 1: 110. See also 
Constant 

Coefficients as function of angle. 2: 101 
Coherence, 2: 179 
Coherent observation time, 2: 122 
Collimation, 2: 137 
Collimator. 2: 159 
Collisions. 2: 151 
Coloration of quartz. 1: 155 
Common-view approach. 2: 262 
Common-view technique, 2: 236 
Communication satellite, 2: 260 
Comparison of frequency standards with regard 
to volume, weight, power demand, and 
selling price. 2: 174 

cesium beam. 2: 174 

crystal oscillator, 2: 174 

hydrogen maser, 2: 174 

rubidium gas cell, 2: 174 
Compensation, in dual-mode oscillator, 2: 289 
Compliance tensor. 1: 9 
Confinement, of the atom, 2: 122 
Constant 

elastic 

fourth-order, 1: 57 
stiffened, 1: 59 
third-order, 1: 56. 58 

material, higher order, I: 55 

quartz, piezoelectric, 1: 107 
Constitutive equations. 1: 8. 246 
Constitutive relations. 1: 120 
Contaminant, 1: 170 
Convention, sign, 1: 54 
Conversion method, multiple, 2: 227 
Cooling, of atoms or ions. 2: 170 
Coordinate 

laboratory, 1: 64 

material, 1: 54 

normal. See Mode, normal; Eigenvector 

rotation, 1: 55 

time. 2: 269 
Coriolis acceleration, sensitivity. 2: 292 
Cost-effectiveness, of clock transports, 2: 252 
Coupled-mode analysis, 1: 133 
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Coupled-mode formalism. I: 128 
Coupled-resonator device, 1: 199 
Coupled strip resonator. 1: 206 
Coupling, elastic. I: 51. 82. 90 
Coupling coefficient. 1: 120: 2: 6 

electromechanical (piezoelectric). 1: 69. 71. 
7?. 80. 83. S3. 100 

piezoelectric. 1 : 213 
Coupling factor, effective. 1: 253 
Coupling-of-modes technique. 1: 127 
Crossed-field bulk-wave model. 1: 245 
Crossed-field model. 1: 247. 250 
Cryogenic-oscillator transmission filter. 2: 2X3 
Crystal 

doubly rotated. 2: 102 

drive level. 2: 55 

motional resistance. 2: 55 

overtone mode. 2: 60 

of rhomboid geometry . 1: 277 

semiconducting. 1: 52. See also Resonator; 
Cut: Constant 
Crystal-controlled oscillator. 2: 47 
Crystal filter. 1: 187 

acoustically coupled. 1: 191 

bandpass. 1: 189 

discrete-resonator. I: 192 

monolithic. 1: 187 

two-pole, narrow-band. 1: 196 

wide-band, symmetrical lattice. 1: 196 
Crystal header. 1: 175 
Crystal holder, 1: 175 
Crystal impedance meter. 2: 3, 19 
Crystal oscillator. 2: 51 

frequency stability, 2: 100 

packaged. 2: 5 1 . 52 

temperature compensated. 2: 51 

temperature controlled. 2: 52 

voltage controlled. 2: 51 
Crystal resonator. 2: 2 

in electrical circuits, 2: 4 

eleetrodeless. 2: 80 
Crystal systems. 1: 3 
Crystal unit. 2: 7 
Crystallographic axis. 1: 4 
Customer-vendor relationship, 2: 298 
Current 

drive. 1: 56 

resonator. 1: 75. 79. 86. 89 
Cutting crystals. 1: 163 
Cutoff frequency. 1: 203. 207 



Cut. doubly rotated, 1: 167 

Cut. quart/. See also Resonator; Mode 

AT. BT. 1: 111 

CT. DT. 1: 77 

GT, 1: 50 

IT, 1: 111 

LC. 1: 111 

RT. 1: 111 

SC. 1: 69. Ill 

X, Y. 1: III 
Cyclotron orbit, of electron, 2: 189 
Czochralski technique. 1: 15. 19 

D 

Deep-space experiments, 2: 268 

Defect center, substitutional Al' . 1: 148 

Deformation. See also Displacement 

elastic. 1: 79 

finite. 1: 57 
Degree of freedom. 2: 213 
Delay 

differential. 2: 236 

temperature coefficient. 1: 120 
Delay line. 1: 267 

frequency response. 1: 134 

(YZ) LiNbO.,, 1: 253 
Delay-line filter. 1:121 
Delay-line system, 2: 222 
Density 

a-quartz. 1: 12 

aluminum phosphate. 1: 21 

bismuth germanium oxide, 1: 20 

lithium niobate. 1: 14 

lithium tantalate, 1: 14 
Desorption of gases. 1: 275 
Dewar flask. 2: 105 
Detector, atomic beam device. 2: 137 
Deuterium maser. 2: 166 
Dicke regime, 2: 121 
Dielectric cavity. 2: 166 
Dielectric constants. 1: 5 
Differential propagation. 2: 263 
Diffraction. SAW, 1: 262 
Digital computation methods. 2: 63 
Digital measurement, 2: 217 
Digital signal processing, 2: 198 
Dipole, 2: 138 

double, 2: 138 

multiple, 2: 138 
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Dipole movement, 2: 138 

electric. 2: 138 

magnetic. 2: 138 
Dipole optics. 2: 1 39 
Diode, step-recovery, 2: 135 
Discriminator. 2: 222 
Disc resonator, 1: 222 
Dislocations, I: 29 

Dispersion relations. 1: 51. 60. 82. 94, 247 
Displacement. See also Deformation 

elastic, 1: 79. 90, 92 

electric. 1: 52, 78, 234 
Displacement effects. V: 152 
Dissemination techniques. 2: 271 
Dissociation, of H 2 . 2: 160 
Distortion, in FM, 2: 131 
Diurnal variations, 2: 237 
Doppler broadening. 2: 182 
Doppler effect, 2: 120 

first-order, 2: 1 20 

second-order. 2: 120 
Doppler frequency. 2: 183 
Doppler velocity, 2: 1 83 
Doppler width. 2: 183 
Double-heterodyne system. 2: 135 
Drift rate, 2: 80 
Drive. See Current 
Drive level, 2: 35 
Dual-beam device, 2: 144 
Dual-mixer technique, 2: 229 
Dynamic frequency -temperature effect. 2: 37 



E 

E 1 center. See Oxygen vacancy 
Effects 

temperature. 1:110 

thermal. See Effects, temperature 

magnetic. 1:61 
Eigenvalue. 1: 64. 67. 74 
Eigenvector. 1: 65. 67. 74 
Eight-pole filter, I: 209 
Elastic compliance, 1: 7 
Elastic constant. 1: 6 

changes, 1: 153 

compliance, 1: 12 
a-quartz, 1: 12 
lithium niobate, 1: 14 
lithium tantalate, 1: 16 



nonlinear. 1: 218 
stiffness. 1: 12 

u-quart/. 1: 12 

aluminum phosphate. 1: 21 

bismuth germanium oxide. I: 20 

lithium niobate. 1: 14 

lithium tantalate. 1: 16 
Elastic nonlinearity. 1: 218 
Elastic stiffness, 1: 7 
Electric displacement, 1: 5 
Electric field. 1: 5 
Electric polarization, 1: 5. 8 
Electric susceptibility. 1: 5 
Elcctric-dipole transition. 2: 169 
Electrical analog, of a mechanically vibrating 

system. 2: 4 
Electrical measurements, on crystal resonators. 

2: 16 

Electrical noise. 2: 5 1 
Electrode. 1: 87 

interdigital (IDT). 1: 120 

mass loading, 1: 100 
Electrode positioning. 1: 260 
Electrode withdrawal. I: 263 
Electromechanical coupling constant, 1: 241. 
255 

Electron bombardment, 1: 174 
Electron-hole pair. 1: 148 
Electron multiplier, internal. 2: 145 
Electron spin resonance. 1: 33. 155 
Elliptic integral. 1: 236 
Emissivity factor. 2: 106 
Enantiomorphous form. 1: 3 
Enclosure. 1: 175 

alumina ceramic. 1: 274 
Energy trapping. 1: 93, 99. See also Resonator 
Environmental effects, 1: 182:2: 173 

cesium beam. 2: 173 

crystal oscillator. 2: 173 

hydrogen maser, 2: 173 

rubidium gas cell. 2: 173 
Equation 

constitutive, 1: 52, 60. 66, 73, 78, 81. 92. 
104 

differential. 1: 53. 92, 104 

frequency, 1: 51. 68 

graphical solution. 1: 69 
Equivalent circuit. SAW IDT's, I: 250 
Equivalent electrical circuit, 2: 2, 4. 6. 43 

elements, 2: 14 
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Equivalent motional inductance, 2: 49 

Error-correcting routines. 2: 31 

Etch. 1: 167 

Etched grooves, 1: 126 

Etch tunnels, quartz. 1: 30. 32 

Etching. 1: 32 

Evaporation. 1: 174 

Excitation 

lateral, of plates. 1: 64, 73 
parallel-field, .See Excitation, lateral 
parallel to length, in bars, 1: 78 
perpendicular to length in bars, 1: 80, 87 
thickness, of plates. 1: 63, 81. 83 

Extension, of frequency measurements. 2: 186 

Extrapolation, of shorter tests, 1: 281 

Extraterrestrial time and frequency 
comparison. 2: 253 

I 

Fabrication, SAW devices. 1: 178 
Fabrication facility, crystals, 1: 176 
Feedback. 2: 54 
positive. 2: 47 
Field electric, 1: 52. 78. 92 
Figure, of merit. 2: 14 
Filter 

asymmetric-amplitude, 1: 263 
bulk-acoustic-wave (BAW), 1: 187, 230 
discrete-resonator, 1: 191 
disk-wire. 1: 225 
dispersive, 1: 262 
electromechanical. 1: 187. 221 
extensional-mode, I: 224 
half-lattice. 1: 193 
hermitian-baseband. I: 263 
lattice, 1: 193 
mechanical, I: 188 
monolithic crystal. 1: 93. 102 
nondispersive. 1: 262 
SAW resonator, 1: 230 
surface-acoustic wave (SAW). I: 187 
lapped delay-line. See Filter, transversal 
television IF. See Television IF filter 
three-phase, 1: 263 
torsional mode, 1: 226 
transversal. 1: 187 
tuning fork. 1: 224 
two-phase. I: 263 

(YZ)L.iNbOi, response curve. 1: 256 



Filter measurements. 2: 19 

Filter synthesis, impulse response, 1: 26.3 

Filter transfer formation, 2: 194 

Flexure-mode bars and plates, 1: 223 

Flicker 

of frequency floor, 2: 168 

of phase noise. 2: 124 
Flicker floor, 2: 1 23 
Flop-in, Hop-out system, 2: 143 
Flow 

generalized. 1: 64 

heat, 1: 61 

power. I: 60 
Fluorescence, 2: 150 
Forbidden transitions, 2: 189 
Force. See aha Stress 

generalized, 1: 64 

static, 1: 58 
Fourier frequency, 2: 193 
Fourier transform, 1: 121, 239. 250, 256, 258; 
2: 199 

Fractional frequency accuracy, 2: 173 

cesium beam. 2: 173 

crystal oscillator, 2: 173 

hydrogen maser. 2: 173 

rubidium gas cell. 2: 1 73 
Fractional frequency stability, 2: 172, 242 

cesium beam, 2: 172 

crystal oscillator, 2: 172 

hydrogen maser. 2: 172 

rubidium gas cell, 2: 172 
Fractional linewidth. 2: 121, 178 
Frequency 

antiresonanee, 1: 66. 69, 102, 106 

cutoff. 1: 95 

fractional. 2: 195 

inharmonic, 1: 98, 100 

instantaneous, 2: 196 

mean, 2: 207 

of oscillation, 2: 48 

resonance. 1: 66. 69. 98. 102. 106 

torsional, I: 76 
Frequency accuracy. 2: 47 
Frequency adjustment, varactor diode. 2: 86 
Frequency anomalies, 1: 217 
Frequency change, 1: 149 

short-term, 1: 27 1 
Frequency deviation, fractional, 2: 200 
Frequency division, one-step, 2: 189 
Frequency domain, 2: 203 
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Frequency drift, 2: 207 

aging. 2: 1 24 
Frequency -drive-level effect, 2: 35 
Frequency fluctuations, random, I: 284 
Frequency instability, sources, 2: 48 
Frequency-lock servo, 2: 1 28 

frequency modulation, 2: 129 

integrator, 2: 130 

phase modulator. 2: 130 
Frequency measurement. 2: 219 

interpretation, 2: 9.3 

long-term drift, 2: 93 

short-term measurement, 2: 93 

optical regime, 2: 1 86 
Frequency multiplication. 2: 231 
Frequency reproducibility. 2: 182 
Frequency response, hermitian, 1: 261 
Frequency stability, 1: 180: 2: 47. 182. 193. 
195 

long-term. 2: 57 
measurement. 2: 89 
beat-frequency method, 2: 90 
dual-mixer technique. 2: 90 
short-term. 2: 93 
definition. 2: 93. 94 
power spectral density function. 2: 95 
time domain representation. 2: 95 
Frequency -temperature 

and aging measurements. 2: 37 
rate of change. 2: 103 
Frequency -temperature dependence, of a 

quartz crystal resonator. 2: 17 
Frequency synthesis. 2: 227 

stabilized-laser, 2: 187 
Frequency syntonization accuracy, 2: 271 
Frequency transfer. 2: 252 
Frequency transients, stress induced, 
2: 294 

G 

Gain curve, laser, 2:181 
Gas cell. 2: 150 

Generalized motional arm reactances, 2: 41 
Generic sources, of measurement errors, 2: 3 
Getter, 2: 144 

Global high-precision comparison, of clocks. 
2: 264 

Global positioning system (GPS), 2: 260 
Geostationary meteorological satellite. 2: 266 



Geostationary operational environmental 

satellite (GOES). 2: 253 
Geostationary satellite, 2: 270 
GOES satellite time code, 2: 257 
Goniometer, 1: 167 
Gradients, thermal. 1: 55, 60 
Graphite-coated surface. 2: 144 
Grating positioning, 1: 132 
Grating reflector, 1: 123, 126 
Green's function. 1: 249 
Groove depth , 1 : 131 
Ground-wave accuracy. 2: 248 
Ground-wave propagation, 2: 248 
Group delay, 1: 265 
Growth 

berlinite (AlPOj). 1: 22 

LiNbO,, 1: 15 

LiTaO,, 1: 17 

H 

Heater location. 2: 104 
Heisenbcrg's uncertainty relationship, 
2: 122 

Heterodyne technique. 2: 220 
Hexapoles. 2: 138 
High-polymer coating. 2: 158 
High-f5 LC circuits. 2: 275 
Hilbert transform, 1: 236, 251 
Holder 

cold-welded metal. 1: 275 

glass, 1: 275 
Holder design, 1: 274 
Hole. 1: 148 
Hole burning, 2: 182 
Hole-compensated Al center. 1: 151 
Hole-compensated centers, 1: 156 
Homodyne technique, 2: 221 
Hydrogen anneal, 1: 278 
Hydrogen effects, 1: 154 
Hydrogen maser. 2: 159 
Hydrogen storage beam tube 2: 168 
Hydrothermal growth. 1: 25. 29 
Hyperfine energy level. 2: 1 18 
Hysteresis. 2: .38. Ill 



I 

Iconoscope. 1: 165 
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ID I 

acoustic reflection. 1: 257 
admittance. 1: 130. 273 
aperture. 1: 243 
apodizution, 1: 132 
bandwidth. 1: 242 
double electrode, 1: 236 
electrical Q. 1: 242 
frequency response. 1: 134 
frequency specification. 1: 259 
impedance element, 1: 268 
impulse response, 1: 121 
maximum coupling. 1: 242 
perturbation, 1: 263 
self-resonant, 1: 268 
series resistance, 1: 131 
simple electrode. 1: 236 
size. I: 131 

spurious resonator modes. 1: 131 

synchronous frequency. 1: 133 

three-phase, 1: 265 

transverse modes, 1: 132 

unapodized, 1: 130 

unwanted modes. 1: 132 
IF substitution method. 2: 32 
Imaging technique. 1: 262 
limmtlunce 

elastic wave. 1: 65 

matrix. 1: 64 

normalized, 1: 70 

resonator, 1: 62. 75. 79, 82, 102 
Immittance diagram. 2: 2 
Immittance plot. 2: 36 
Impedance. See also Immittance 

characteristic. I: 248 

crystal. 2: 51 

mechanical. 1: 246 
Impedance analyzer. 2: 33 
Impedance circle. 2: 9 
Impulse model. 1: 233. 239 

delta-function. 1: 257 

sine-wave, 1: 257 
Impulse response 

baseband, 1: 259 

finite. 1: 258 

real. 1: 260. 261 
Impurity content. I: 148 
Impurity defects, model. 1: 148 
Impurities, effect of. 1: 278 
Inductance, motional, 1: 106, 112 



Inductorless bandwidth. 1: 211 

Inductorless limit, 1: 21 1 

Inelasticity, 1: 217 

Inflection point, 2: 61 

Infrared absorption, 1: 148 

Initial aging, 1: 273 

Initial stabilization period, 1: 273, 278 

In-line model, 1: 247 

Insertion loss. 1: 232. 242: 2, 69 

SAW delay line, 2: 69 

SAW resonator. 2: 71 
Insulation, foam. 2: 105 
Interaction region, 2: 139, 145 
lnterdigital transducer, 1: 230. See also IDT 
Interferometry, very-long-baseline (VLB1), 2: 
268 

Intermediate-band design, 1: 198 
Intermodulation. 1: 216 
International atomic time {TAD. 2: 234 
International symbols, 1: 4 
Interstitial impurities. 1: 154 
Inversion transition. 2: 169 
Inverter, admittance, 1: 251 
Ion 

individual, 2: 189 

in Penning trap, 2: 189 
Ion-etch process. 1: 138 
Ion implantation. 1: 126 
Ion milling. I: 179, 213 
Ion mobility. 1: 183 
Ion pump. 2: 144 
Ion storage, 2: 169 
Ion trap, radio-frequency, 2: 170 
Ionic current, 1: 157 
Ionization potential, 2: 148 
Ionizing radiation. 1: 39, 147, 183 
Ionosphere, 2: 237, 242 
Ionosphere propagation errors, 2: 262 
IR studies, 1: 155 
Isolation amplifier, 2: 21, 30 
Isotopic overlap, 2: 157 

J 

Jaumann network. See Filter, half-lattice 
K 

Kirchhoff. 1: 90 

Krypton light source. 2: 179 
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L 

Lamb dip, 2: 1 83 
Lapping saw, 1: 164 
Laser 

CO., 2: 187 

color-center, 2: 188 

diode, 2: 149 

dye, 2: 149. 188 

F-center, 2: 189 

fine and coarse tunable. 2: 189 

HCN, 2: 186 

He-Ne, 2: 180. 186 
with CO, cell, 2: 185 
with l 2 cell, 2: 185 
with Methane cell, 2: 185 
with Ne cell, 2: 184 

H,0, 2: 187 

millimeter-wave. 2: 1X8 

potential role. 2: 179 

saturation-absorption stabilized. 2: 186 

tunable, 2: 188 
Laser-methane cell combination. 2: 182 
Laser signals, pulsed, 2: 264 
Laser stabilization. 2: 182 
Laser synchronization, 2: 263 
Lateral field resonator, 1: 276 
Lateral field excitation, 1: 220 
LC-cul. 1: 182 

Legendre polynominal, 1: 236 

Length standard. 2: 178 

Length and lime standard, combined. 2: 178 

Level control, automatic (ALC), 2: 54, 56, 84 

LF (low frequency) broadcast. 2: 242 

Lifetime, resonator-limited. 2: 173 

cesium beam, 2: 173 

crystal oscillator. 2: 173 

hydrogen maser. 2: 173 

rubidium gas cell, 2: 173 
Lift-off process, 1: 138 
Light shift. 2: 158 
Line shape, Lorentzian. 2: 128 
Line width, 2: 121 

natural, 2: 121 
Lithium niobate. 1: 11. 219, 241 

YZ-cut, 1: 241. 243, 248 

128° Y-cut, 1: 266 
Lithium tantalatc, 1: II, 213, 220 

doubly rotated cuts, 1: 220 

rotated- Y-cut monolithic filters, 1: 220 



rotated- Y-cut resonators. I: 220 

X-cut. 1: 220 

Z-cut, 1: 220 
Load capacitor, 2: 12, 24, 35 
Long-term aging, 1: 179. See also Aging 
Long-term drift. 2: 48. See also Aging 
Long-term stability, 2: 125 

atomic standards, 2: 125 
Loop filter, 2: 225 
Loop gain vector. 2: 48 
Loop-phase conditions, 2: 57 
Loop-phase error, 2: 20 
Loran-C, 2: 2.35, 248 
Lorentzian line shape. 2: 194 
Loss-bandwidth relation, 1: 243 
Loss-fractional bandwidth. I: 244 
Lumped-element-equivalent electrical circuit. 
2: 41 

Lumped-mass spring system. 2: 5 
M 

Magnetic dipole moment, 2: 1 19 
Magnetic dipole transition. 2: 117 
Magnetic field dependency, 2: 118 
Magnetic field environment, 2: 252 
Magnetic field inhomogeneities. 2: 146 
Magnetic hyperfine splitting, 2: 119 
Magnetic hyperfine transition, 2: 116 
Magentic shielding. 2: 117 
Magnetostrictive ferrites. 1: 221 
Magnetostrictive transducer. 1: 222 
Majorana transition. 2: 147 
Maser. oscillating threshold. 2: 161 
Maser oscillator, 2: 135 

active. 2: 126 
Mass changes, 2: 17 
Mass loading, 1: 204, 274 

crystal resonator. 2: 288 
Mass spectrometer, 2: 145 
Material. See also Crystal 
Material changes, 1: 274 
Material quality. 1: 157 
Matrix. 1: 9. 54. 61. 65. 78. 81. 83, 85, 88. 

See also Tensor; Immittance 
Maximum admittance. 2: 16 
Maxwell distribution. 2: 121. 138 
Measurement hierarchy, 2: 197 
Memory, 2: 1 10 
Mercury resonances. 2: 170 
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Metallization. 1: 1X1 
Meteorological monitor. 2: 289 
Meteorological satellite system. 2: 257 
Methane cell. 2: 1S1 
Metrology, 2: 171 

astronomical time. 2: 171 

atomic time. 2: 171 

coordinated universal time. 2: 171 

international atomic time. 2: 171 

radio astronomy. 2: 171 

timekeeping, 2: 171 

very-long-baseline interferometry. 2: 171 
Microcircuit bridge, 2: 29 
Microcircuit chip resistor. 2: 24 
Microwave cavity. 2: 141 
Microwave interrogation. 2: 1.19 
Mindlin, i: 60. 90 
Minimum impedance. 2: 16 
Mirror, equivalent, 1: 129 
Mixer efficiency, 2: 128 
Mobility analogy, 1: 221 
Mode 

A, B.C. thickness. 1: 68. 71 

contour, 1: 77 
llexure. I: 51. 77 

coupled. 1: 51, 82. 90 

dilatation, 1: 52 

extension, 1: 77, 80, 9.1 

face-shear. 1: 81. 90. 93 

flexure. 1: 83. 87. 90. 93 

normal. 1: 62. 64. 74 

resonance. 1: 50 

shear, fast. slow. 1: 68 

single. 1 : 65 

spectrum. 1: 56: 2: 33 

thickness. 1: 63. 73 

thickness shear. 1: 51, 72, 93 

thickness twist. I: 93 

torsion. 1: 51. 75 
Mode coupling, nonlinear. 1: 216 
Mode spacing. 1: 207 
Modified crystal resonator, 2: 7 
Modulation, square-wave. 2: 132 
Molecular flow. 2: 137 
Molecular hydrogen. 2: 159 
Monolithic crystal filter. 1: 199 
Mossbauer effect. 2: 121 
Motional arm. 2: 5. 38 
Motional-arm resonance. 2: 14 
Motional energy. 1: 157 



Motional resistance. 2: 49 
Mounting. I: 175 
Mounting structure, 2: 7 
Mounting system, 1: 272 
Mount, type of, 1: 180 
Multistrip coupler. 1: 265 

N 

Na defect. 1: 150 

Narrow-band (NB) design, 1: 198 

Natural linewidth, 2: 122 

NAVSTAR. See Global Positioning System 

Navy navigational satellite system (NNSS). 2: 

258 
Network 

distributed. 1: 104 

equivalent electric, 1: 87, 103 

lumped element, 1: 103 

multiport. 1: 65 
Network analyzer, 2: 23. 30. 36 
Noise. 2: 204, 206 

amplitude, 2: 195 

dicker frequency. 2: 204 

flicker phase. 2: 204 

in oscillators, 2: 193 

perturbing the phase, 2: 276 

phase, 2: 195 

phase-fluctuation, 2: 84 

pseudo-random (PRN). 2: 265 

in SAW oscillators. 2: 72 
ilicker noise, 2: 74 
phase noise, 2: 72 

random-walk frequency, 2: 204 

while frequency, 2: 204 

while phase, 2: 204 

wideband. 2: 54 
Noise bandwidth. 2: 194 
Noise floor, 1: 124 
Noise processes, 2: 94 

frequency-scintillation noise, 2: 94, 96 

frequency white noise. 2: 94, 96 
Noise model, 2: 196 
Noise modulation, 2: 195 
Noise pedestal, 2: 195 
Noise processes, 2: 94 

phase-scintillation noise, 2: 94, 96 

phase white noise. 2: 94, 96 

random-walk-frequency noise, 2: 94, 96 
Nonlinear effects. 1: 216. 227 
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Normal-mode analysis. 1: 234 
Normal-mode model. 1: 23.3 
Normal-mode theory, 1: 239, 255 
Notch filter. 1: 266 

interferometer. 1: 267 

(YZ) LiNbO,, 1: 267 
JV-sample variance, 2: 201 
Nuclear spin, 2: 119 
Nyquist frequency, 2: 200 

O 

Offset methods, 2: 35 

Omega navigation system, 2: 248 

Omega transmitters. 2: 250 

Operational-satellite techniques, 2: 253 

Optical absorption, 1: 153 

Optical detection, 2: 150 

Optical libers. 2: 253 

Optical frequencies, measurement. 2: 185 

Optical pumping, 2: 115, 149, 152 

Optical transition, 2: 121 

Oriascope, 1: 165 

Oscillating magnetic field. 2: 121 

Oscillator 

all-cryogenic, parametric. 2: 283 

conditions for SAW oscillation. 2: 68 

feedback. 2: 66 

gain control, 2: 85 

mechanical effects, 2: 88 
acceleration. 2: 88 

miniature. 2: 60 

miniature integrated circuit, 2: 64 

modified Pierce, 2: 82 

multifrequency SAW, 2: 76 

precision quartz crystals, 2: 79 

temperature-compensated (TCXO), 2: 108 
analog compensation. 2: 109 
digital compensation, 2: 10 
electrical compensation, 2: 108 
microprocessor compensation, 2: 1 1 1 
thermal loss, 2: 105 

thermistor-network configurations. 2: 109 

varactor. 2: 108 
temperature compensation, of SAW. 2: 75 
temperature-controlled, 2: 101 

amplifier as heater, 2: 105 

crystal oven control circuit, 2: 102 

double oven, 2: 102 

dual mode oscillator, 2: 105 



location, of heater and thermistor. 2: 104 
rate, of frequency change. 2: 103 
single oven, 2: 102 
stabilization time. 2: 107 
time required to heat crystal, 2: 107 
uniformity of temperature. 2: 104 
Oscillator circuits, 2: 53 

bridge, 2: 54 

Butler, 2: 60 

common base, 2: 59 

common collector. 2: 58 

emitter coupled. 2: 60 

modified piece. 2: 56 
Oven, 2: 87 

single-stage, 2: 87 

temperature control. 2: 101 

two-chamber. 2: 137 
Oxygen vacancy, 1: 153 

P 

Palladium leak. 2: 160 
Parallel field. See Lateral field 
Parallel resonance, 2: 15 
Paramagnetic center, 1: 151 
Parasitic inductance, 2: 20 
Parseval's theorem. 2: 194 
Passive hydrogen maser, 2: 162 
Path delay, 2: 254. 257. 266 

variation. 2: 256 
Path-delay correction, 2: 264 
Pattern definition process. 1: 179 
Pattern generator, 1: 261 
Penning trap. 2: 170 
Period measurement. 2: 219 
Performance, of crystal resonators. 2: 16 
Performance model. 2: 197 
Permittivity, 1: 5 
Permittivity constant 

a-quartz, 1: 12 

aluminum phosphate. 1: 21 

bismuth germanium oxide, 1: 20 

lithium niobate. 2: 14 

lithium tantalate. 1: 16 
Perturbations, acoustic, 1: 126 
Phase 

linearity. 1: 264 

transfer. 2: 82 
Phase angle. 2: 18 
Phase condition, loop. 2: 82 
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Phase detector. 2: 222 

Phase-difference measurement. 2: 218 

Phase error. 1: 232; 2: 18. 23 

Phase fluctuation. 2: ?! 

Phase-lock servo. 2: 128 

Phase-locked loop. 2: 128. 223 

Phase measurement. 2: 32 

Phase multiplier. 2: 231 

Phase noise. 1: 135 
excess. 1 : 216 
white. 2: 124 

Phase shift 

per collision. 2: 165 
in crystal network. 2: 49 
SAW oscillators. 2: 68 
Phase shifter. 2: 222 
Phase slope. 2: 57. 82 
Phase spectrum. 2: 195 
Phase stability. 2: 48. 6(1 
Photolithography. 1: 138. 180 
Photon recoil. 2: 121 
Photon transformer. 2: 150 
Photoresist. 1: 138, 178 
Piezoelectric ceramics. 1: 221 
Piezoelectric ceramic transducers. I: 223 
Piezoelectric constants. 1: 7 
Piezoelectric crystal resonator. 2: 38 
Piezoelectric devices, as circuit elements. 2: 2 
Piezoelectric loading. 1: 204 
Piezoelectric matrix. See also Tensor; Matrix 
a-quartz. 1: 9 

bismuth germanium oxide. 1: 10 

lithium niobate. 1 : 9 
Piezoelectric strain coefficients. 1: 8 
Piezoelectric strain constant. 1: 13 

a-quartz. 1: 13 

aluminum phosphate. 1: 21 

lithium niobate. 1: 15 

lithium tantalate. 1: 17 
Piezoelectric stress coefficients. 1: 8 
Piezoelectric stress constant. I: 13 

a-quartz. 1: 13 

aluminum phosphate, 1: 21 

bismuth germanium oxide, 1: 20 

lithium niobate. 1: 15 

lithium tantalate. 1: 17 
Piezoelectric tensor. 1: 9. See also Tensor; 
Matrix 

Piezoelectrically stiffened resonator. 2: 41 
Piezoelectrically unstiffened resonator. 2: 41 



Pi-network, 2: 21, 31. 40 

Planck's equation, 2: 122 

Planetary lap. 1: 168 

Plasma etching, 1: 179 

Plate, piezoelectric, 1: 63, 73, 81, 83 

Point-contact diodes, 2: 186 

Point groups, 1: 3 

Polariscope, 1: 165 

Polarization. 1: 2; 2: 157 

Polishing. 1: 168 

chemical. 1: 168. 180 
Population difference, 2: 123 
Portable clock, 2: 269 
Port 

electrical, 1: 247 

mechanical, 1: 247 
Position-location system. 2: 261 
Potential 

electric, 1: 52, 92 

electrostatic, 1: 237. 239 

Rayleigh wave. 1: 232 

transducer, 1: 236 
Power flow, acoustic, 1: 240 
Power-law model. 2: 203 
Power spectral density, one-sided, 2: 231 
Power spectrum. 2: 194 
Poynting theorem. 1: 235 
Poynting vector. See Flow, power 
Pressure changes. 1: 274 
Pressure sensitivity, 1: 183 
Primary frequency standard. 2: 235 
Primary loop, 2: 135 
Processing techniques. SAW, 1: 138 
Propagation delay. 2: 237, 266 
Propagation loss, I: 120 
Pulling factor, 2: 168 
Pump 

cryogenic, 1: 172 

diffusion. 1: 171 

ionization, 1: 171 

roughing, 1: 173 

turbo. 1: 171 

Q 

Q. 2: 142. See also Quality factor 
cavity, 2: 142 
electrical, 1: 237, 242 
line, 2: 142 
material, 1: 163 
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Quadrupoles, 2: 138 

Quality assurance. 2: 299 

Quality factor, 1: 50, 102; 2: 14. 38 

atomic frequency standard. 2: 121 

SAWR, 1: 124 
Quantum transition, 2: 178 
Quartz, 1:2, 11. See also a-quartz 

acoustic loss, 1: 28, 3.3. 36. 38 

Al-Li + center, 1: 38 

Al-Na ' center, 1: 37 

aluminum-related centers. 1: 33 

anelastic loss. I: 36 

Al-hole center. 1: 33 

charge compensation, I: 33 

conductivity. 1: 156 

coordinate system. 1: 24 

cultured. 1: 162. 166 

defects, 1: 25, 28 

dielectric loss. 1: 33. 36. 38 

dielectric relaxation. 1: 156 

dislocations. I: 29 

electrical conductivity, 1: 39 

electrodiffusion. 1: 35 

electrolytic-ally swept cultured, 
1: 149 

fault surfaces. 1: 29 

growth. 1: 25. 27 

high-0. 1: 149 

high-e cultured. 1: 28 

infrared absorptions. 1: 27. 33 

internal friction. 1: 36 

interstitial impurities. 1: 32 

lithium-doped. 1: 149 

mobility of interstitials, I: .39 

natural, 1: 149. 165 

neutron-irradiated, 1: 153 

oxygen vacancy center, 1: 35 

phase transition, 1: 25 

point defects. 1: 32, 35 

quality factor Q. 1: 36 

radiation response mechanism, 1: 38 

relaxation time, 1: 37 

ST-cut. 1: 241, 248; 2: 75 

structure, 1: 23 

thermal properties, I: 39 

trimming, 1: 25 
Quartz crystal oscillator, 2: 126 
Quartz crystal units, 2: 3 
Quartz resonator. 2: 80 

AT-cut, 2: 60, 80 



double-rotated cuts. 2: 81 
GT-cut. 2: 80 
overtone mode. 2: 61 . 81 
SC-cul. 2: 62. 80 
X-cut. 80 
Quartz thermometer. 2: 294 

R 

Rabi cavity, 2: 139 
Rabi pedestal. 2: 140. 146 
Radar filters. 1: 230 
Radiation, influence on aging, I: 279 
Radiation conductance, 1: 238. 252. 255 
Radiation effect. I: 147 
Radiation loss, 2: 106 
Radio broadcast services. 2: 242 
Radio interference. 2: 273 
Radioactive lifetime. 2: 151 
Ramsey cavity. 2: 140 
Ramsey pattern. 2: 145 
Rayleigh wave, 1: 119. 232, 234. 246. 
252 

amplitude. I: 234 

potential. 1: 240 
Reactance, acoustic. 1: 268 
Recoil shift, 2: 120 
Recovery time, 1: 278 
Reference channel, 2: 23 
Reference oscillator, 2: 126 
Reflection 

acoustic. 1: 249. 257. 264 

bandwidth. 1; 128 

magnitude. 1: 128 

phase, I: 129 
Reflection coefficient, 2: 16, 23, 25 

grating, 1: 129 
Rejection, out-of-band, 1: 264 
Relation. See Equation; Condition 
Relativistic corrections. 2: 268 
Relaxation, exponential, 2: 163 
Relaxation time, 2: 151 
Remote frequency calibration. 2: 750 
Remote synchronization, 2: 268 
Replication technique, 1: 261 
Requirements, for oscillation, 2: 48 
Resistance 

anomalous. 1: 216 

motional. 1: 1 13 
Resistance anomalies. 1: 217 
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Resolution, of balanced-bridge measurements. 

2: 29 
Resonance. 2: 1 5 

nonlinear. 1: 216 

with load capacitor. 1: 15 
Resonance curve. 2: 38 
Resonance line 

homogeneous. 2: 158 

inhomogeneous. 2: 157 
Resonance range. 2: 9 
Resonance spectrum, atomic. 2: 140 
Resonator. .See also Cut: Mode 

AT, 1: 94. Ill 

BT. 1: 94. Ill 

bulk acoustic wave (BAW), 2: 3 
contoured, I: 100 
CT. 1: 77. 94 
doubly rotated, I: 71, III 
DT. 1: 77. 94 
E. F, 1: 94. II! 
electrodeless. 1: 1X2 
cxtensional mode, 1: 272 
face-shear mode, 1: 272 
llexure-type, 1: 272 
GT. 1: 50. 94. Ill 
IT, 1: III 

IX, 1: 111; 2: 294 
mass loaded. 1: 100 
RT, I: 111 

SC. I: 69. 111:2: 295 

sensitivity to temperature gradients, 2: 102 

surface acoustic wave (SAW), 2: 3 

trapped energy, 1: 93, 99 

tuning fork. 1: 94 

width-shear. 1: 272 

X, I: 111 
Y. I: 111 

Resonator environment. 2: 39 
Resonator ininiittance. 2: 39 
Resonator measurement. 2: 2 
Response time. 2: 296 
Rochelle sail. 1: 2 
Rubidium isotope. 2: 153 
Rubidium maser. 2: 165 
Rubidium standard, 2: 261 

filter cell. 2: 156 

integrated gas cell. 2: 156 

photocell. 2: 156 

pressure shift. 2: 154 

temperature coefficient, 2: 154 



S 

Sample Allan variance, 2: 214 
Sample variance, 2: 200 
Sawing, 1: 163 

SAW, harmonic responses, I: 256 

SAW bandpass filters, 1: 257 

SAW bandstop filter, 1: 257. See also 

Bandstop filters, SAW 
SAW delay line 
effective Q, 1: 142 
maximum unloaded Q, 1: 140 
SAW delay-line filter, 1: 122 
SAW delay line oscillator, 2: 68 
SAW filter 
bandwidth, 1: 243 
insertion loss. 1: 242. 244 
SAW IDT 
dispersive, 1: 253 

impulse response model, 1: 232. 239. 254 
in-line model. 1: 245 
LiNbO, substrate. 1: 269 
ST-cut quartz, I: 269 
synthesis, 1: 252 
SAW (Surface acoustic wave) oscillator, 
2: 66 

SAW reflection, 1: 254 
SAW regeneration, 1: 254 
SAW resonator (SAWR), 1: 122 

acceleration sensitivity. 1: 144 

advantages, 1: 144 

and BAWR. comparison. 1: 123 

cavity losses, 1: 135 

fabrication method, 1: 137 

loss 

conversion of energy, 1: 137 

coupled to atmosphere, 1: 137 

diffraction, 1: 136 

geometrical nonuniformities, 1: 137 

ohmic. 1: 135 

material, 1: 135 

radiation, I: 136 

scattering, from imperfections, 1: 137 
scattering, into bulk waves, 1: 136 
maximum unloaded Q, 1: 140 
minimum series resistance, 1: 142 
one-port, 1: 125 

performance specification, 1: 133 
Q, unloaded, 1: 144 
stability, long-term, 1: 144 
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SAW resonator (continued) 

temperature stability. 1: 144 

two-port, 1: 125 
SAW resonator (SAWR) oscillator, 2: 70 

aging rate, 1: 143 

force sensitivity, 1: 143 

new cuts and materials. 1: 142 

stability, short-term, 1: 143 

ST quartz, 1: 142 

temperature stability, 1: 142 
SAW transduction, 1: 232. 252 
SAW trimming, 1: 138 
SAWR model, 1: 133 
Satellite ephemeris error, 2: 263 
Satellite techniques, 2: 258. 273 
Saturated absorption, 2: 181 
Saturated gain, 2: 183 
Scattering-parameter measurements, 2: 31 
SC-cut, 1: 159, 182, 276 
Schering bridge. 2: 27 
Scaling, 1: 175 

Second definition, 2: 1 15. 268 
Secondary loop, 2: 135 
Sensitivity, to mass changes, 2: 289 
Sensors. 2: 289 

acceleration, 2: 291 

chemical. 2: 289 

environmental, 2: 289 

force, 2: 290 

gas, 2: 289 

hydrostatic pressure, 2: 291 

temperature, 2: 293 
Separated-oscillatory-field technique, 2: 140 
Series resonance frequency, 2: 49 
Servo electronics, 2: 127 
Servo loop, 2: 127 
Short-term stability. 2: 124 

atomic standards. 2: 124 
Shot noise, 2: 124 
Sidelobe, time-domain. 1: 262 
Sidelobe ratio, 1: 232 
Signal-to-noise consideration, 2: 186 
Signal-to-noisc ratio, 2: 125 

atomic standards, 2: 125 

optimum, 2: 135 
Simulation. See also Approximation; Theory 

computer, 1: 56 

finite element, 1: 56 

Green's function, 1: 56 

variational, 1: 56 



Sky-wave accuracy. 2: 248 
Slave oscillator. 2: 127 
Source, for atoms or molecules. 2: 137 
Spacelab experiment. 2: 264 
Spatial averaging. 2: 158 
Specification. 2: 297 
basic. 2: 299 
military, 2: 300 
Spectral density, 2: 193. 199 

one-sided. 2: 198 
Spectrum, two-sided, 2: 193 
Speed, of light, 2: 1X0 
Spin-exchange cavity tuning. 2: 162 
Spin-exchange collisions. 2: 154. 162 
Spurious modes. 2: 17, 25. 33 
Sputter etching. 1: 179 
Sputtering. 1: 174 
Stability 
averaged. 2: 186 
long term 

BAWR and SAWR, 1: 124 
SAW, 1: 138 
of ocillators, 2: 72 

influence of temperature. 2: 75 
long-term, 2: 76 
short-term, 2: 72 
short-term, 2: 80, 186 
Standard, for frequency, time, and length. 

unified, 2: 180 
Standard frequency- and time-signal 

broadcasts, 2: 238 
Standards, 2: 299 
State selection 
optical. 2: 152 
spatial, 2: 138 
State selector, 2: 137, 142 
Static capacitance C„, 2: 38 
Static charge, 1: 183 

Static frequency-temperature effect. 2: 37 

Stern and Gerlach experiment, 2: 119 

Stiffness tensor, 1: 9 

Storage bulb, 2: 159 

Storage vessel, 2: 150 

Stored-ion technique, 2: 170 

Strain, elastic. 1: 52. 92 

Strain changes, 1: 274 

Strain tensor. 1: 7, 9 

Stress 

compressional, 1: 6 

elastic. 1: 52, 78, 92. See also Force 
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Stress I continued) 

mechanical, 1: 2 

shear. 1: 6 

tensile. 1: 6 
Stress relaxation. 1: 150; 2: 17 
Stress tensor, 1: 7, 9 
Striplinc oscillator. 2: 279 
Structural delects. 1: 18 
Sub-Doppler observation, 2: 18! 
Substitution elements. 2: 20 
Substitution measurement. 2: 27 
Substitution technique, 2: 39 
Substitutional A! 5 ' defect. 1: 150 
Substrate, 1: 180 

Surface-acoustic-wave oscillator. See SAW 
oscillator 

Surface-acoustic-wave resonator. See SAWR 
Surface contouring. 1: 169 
Surface ionization, 2: 148 
Surface layer, 2: 151 

Surface wave, backward-traveling. 1: 12b 
Sweep rate. 2: 33 
Sweeping process. 1: 148. 156 
Sweeping technique, 1: 35 
Symmetric modes, 1: 201 
Symmetry. 1: 54 
Synchronization error, 2: 207 
Synchronous detectors. 2: 32 
Synthesis, SAW bandpass filter, 1: 257 
Synthetic quartz. Z-growth. 1: 151 
Syntonization, 2: 273 



1 

Tandem lattice configuration. 1: 196 
Tandem two-pole configuration, 1: 209 
TDRS (tracking and data relay satellite). 2: 
265 

Television IF filter. 1: 265 
zinc oxide on glass, 1: 265 
LiNhO, cuts, 1: 265 
Television fillers. 1: 230. 265 
Television signals, precise T/F comparison 

methods. 2: 250 
Temperature coefficient 
elastic compliance, 1: 12 
a-quartz. 1: 12 
lithium niobate. 1: 14 
lithium tantalate. 1: 16 



clastic stiffness. 1: 12 

a-quartz, 1: 12 

aluminum phosphate. 1:21 

lithium niobate. 1: 14 

lithium tantalate. 1: 16 
permittivity. 1: 12 

a-quartz. 1: 12 

lithium niobate, 1: 14 

lithium tantalate, 1: 16 
piezoelectric strain constant, 1: 13 

u-quartz, 1: 13 

lithium niobate, 1: 15 

lithium tantalate, 1: 17 
piezoelectric stress constant, 1: 13 

a-quartz, 1: 13 

aluminum phosphate, 1: 21 

lithium niobate. 1: 15 

lithium tantalate. 1: 17 
Temperature-compensated dielectric-resonator 

material. 2: 284 
Temperature control 

and compensation. See Oscillator 
of oscillators. 2: 86 
Temperature-control circuit. 2: 87 
Temperature control techniques. 2: 61 
Temperature gradients, 1: 159 
Temperature influence, on aging, 1: 279 
Temperature measurements, 2: 293 
Temperature resolution. 2: 295 
Temperature sensitivity. SAW filters, I: 232. 

267 

Temperature stability requirements. 2: 61 
Temperature stabilization rale, 2: 53 
Temperature transients. 2: 107. Ill 
Tensor. I: 55. See also Matrix 

fourth-rank. 1: 7 

second-rank. 1: 7 
Tensor notation. 1: 9 
Terrestrial-based T/F services, 2: 259 
Terrestrial methods, 2: 237 
Terrestrial time comparison. 2: 266 
Test channel, 2: 23 
Test network. 2: 31 
lest oscillator, 2: 19 
T/F dissemination experiments. 2: 266 
Thallium. 2: 148 

Theory. See also Approximation; Simulation 

linear, 1: 53 

nonlinear, 1: 56 
Thermal conductivity. 1: 19; 2: 106 



INDEX TO VOLUMES 1 AND 2 



459 



Thermal effects, 1: 158 
Thermal expansion 

a-quartz, 1: 12 

aluminum phosphate. 1: 21 

lithium niobate, 1 : 14 

lithium tantalate, 1: 16 
Thermal gradient effect, 1: 276 
Thermal isolation, 2: 86 
Thermal noise, 2: 275 
Thermal resistance, 2: 107 
Thermistor location. 2: 104 
Thickness-shear vibration, 1: 202 
Thickness-shear (TS) wave, 1: 204 
Thickness-twist (TT) wave, 1: 204 
Thin-film measurement. 2: 288 
Time 

and frequency comparison, 2: 272 
and frequency standard, 2: 178 
between resynchronization. 2: 172 

cesium beam. 2: 172 

crystal oscillator, 2: 172 

hydrogen maser. 2: 172 

rubidium gas cell. 2: 172 
Time code. 2: 254 

Time comparison, point-to-point. 2: 260 

Time-comparison experiments, 2: 264 

Time delay, 1: 258 

Time-difference measurement. 2: 218 

Time domain, 2: 203 

Time domain characterization, 2: 123 

Time domain envelope. 1: 259 

Time-interval counter, 2: 230 

Time-interval measurement. 2: 217 

Time stability. 2: 193, 272 

Time synchronization. 2: 237 

Time transfer, 2: 251 

Time-transfer accuracy, 2: 265, 271 

Tolerance, 2: 297 

Tomography, light scattering, 1: 32 
Tool-made sample. 2: 298 
Transducer. 1: 221. 234 
apodized. I: 253, 258 
Transducer admittance, 1: 235 
Transducer impedance, 1: 233 
Transducer metallization, source of relaxation. 
1: 284 

Transducer potential, 1: 238, 240 
Transfer oscillator. 2: 229 
Transfer phase. 2: 60 
Transfer standard, 2: 26, 236 



Transformation, similarity, 1: 64 

Transient effects, 1: 154 

Transient frequency change. 1: 154 

Transient thermal effects, 1: 154 

Transit or Nova satellite system. 2: 258. 264 

Transit time. 2: 140 

Transition temperature. 2: 282 

Translation technique. 2: 203 

Transmission. 2: 237 

HF- and medium-frequency. 2: 237 
low- and very-low-frequency, 2: 237 

Transmission bridge, 2: 25. 30 

Transmission line. 2: 25. 30 

Transmission-line form. 1: 246 

Tran: mission-line model. 1: 126 

Transmission network. 2: 4, 40 

Transmission test set, 2: 22 

Transponder channel. 2: 260 

Trap characterization. 1: 156 

Trapped-energy analysis. 1: 202 

Trapped ion. 2: 169 

Trimming, final frequency, 1: 174 

Trim-to-frequency. 1: 169. 179, 181 

Triple transit, 1: 249. 264 

TTC-cut, 1: 159 

Tuning forks, 2: 275 

flexural vibrations. 2: 277 
length-extensional vibrations. 2: 277 
quartz, 2: 276 

temperature sensitivity, 2: 278 
Tunnel-diode oscillator, 2: 279 
Turning point, 2: 101 
Turnover temperature, 2: 61. 81. 86 
'TV frame synchronization, 2: 250 
TV methods, 2: 250 
TV time sychronization, 2: 266 
Twinning, 1: 165 

Two-sample (Allan) variance, 2: 123 
Types, of attributes. 2: 298 



U 

Ultraviolet laser 2: 167 

Unit variations. 2: 298 

Unity gain point. 2: 136 

Universal coordinate time (UTC). 2: 234 

Unperturbed radiation state, 2: 122 

UV-ozone cleaning, 1: 180 

Unwanted modes, suppression, 1: 209 
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V 

Vacuum deposition. 1: 170 
Vacuum system. 1: 173 
Varaclor. 2: 27 

Vector-ratio meter. 2: 21. 31. 40 
Velocity 

elastic particle. 1: 52 

wave. 1: 79 
Velocity distribution. 2: 141 
Velocity perturbation. 1: 242 
Very -low -frequency ( VLF) broadcast. 
2: 242 

Very-narrow -band (VNB) design. 1: 198 
Vibration, modes of. .Sec Modes 
Vibrational transition. 2: 169 
Voltage, mean-square. 2: 193 
Voltage spectrum. 2: 194 
Voltage-controlled (crystal: oscillator (VCO or 
VCXO). 2: 127 

W 

Wafer processing. 1: 137 
Wall coating. 2: 158 
Wall collisions. 2: 165 
Wall shift, 2: 165 
Wave 

elastic, nonlinear. I: 56 



longitudinal. 1: 120 
plane, 1: 66 

transverse (shear), 1: 120 
velocity. 1: 79, 128 
Wavelength standard. 2: 179 
Wavenumber, lateral. 1: 93. See also 

Dispersion relations 
Weak coupling approximation. 1: 233. 237, 
240 

Wide-band design, I: 198 
Window function. 2: 199 



X 

X-ray diffraction, 1: 166 
X-ray topography, 1: 18. 30, 32 



Z 

Zeeman level. 2: 163 
Zeeman transition. 2: 118 
Zero crossing. 2: 252 
Zero-field transition. 2: 119 
Zero-phase condition, 2: 22 
Zero-phase tt network, 2: 22. 35 
Zero-phase technique, 2: 34 
Zero reactance, 2: 39 
ZnO film. 2: 214 



